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Creep of High-Purity Nickel 
William D. Jenkins, Thomas G. Digges, and Carl R. Johnson 


made of the 
ealed high-purity 


study was creep behavior 


Iv an nickel 
ot creep 
phenome ol 
ment of an appreciable creep lite in specime 
temperature 
of deformatio 


f metals 
tvpes of fractures 
and hardness 


fracture 


data obtained at 


stra 


of the 


/ ' 
ispecimens 


1. Introduction 


Numerous equations have been proposed by nuha- 
lysts ol creep data °s des« riptive of the extension- 
tim relationship in the creep ol metallic materials 
pro- 
posed as experimental results are accumulated. To 
ate, however, no theoretical treatment of the com- 
extension-time lation is universally accepted, 
there is still need for additional precise data from 
ents carried out under accurately controlled 
The interrelation of strain hardening 
vy, and recrystallization are not fully under- 
and the important of the thermal-me- 
chanical history on creep behavior has not been gen- 
rally recognized Any adequate physical theory of 
the mechanism of plastic flow in creep must account 
influence of all these factors 


The equations are modified and new ones art 


role 


ior the 

The present tests on high-purity nickel were made 
as om phase of a project to study the mechanism of 
creep in high-purity polverystalline metals and to 
evaluate the creep behavior of these metals in com- 
parison with binary « ''oys of such metals. The com- 
prehensive program includes a study of the creep 
characteristics of high-purity copper, high-purity 
nickel, and alloys of these two metals \s 
viously pointed out [1],' the relatively low tempera- 
which may in each of 
the unlimited solid solubility of the 
metals in each other, the availability of commercial 
metal of high purity, and the wide industrial applica- 
tions of both the metals and alloys made the binary 
system an attractive one fo in the present in- 
vestigation 


these 
two 


tures at creep occul 


metals 


Lust 


The present paper Is concerned with the results of 
creep tests made on high-purity nickel at 300°, 700 
900°, and 1,200° F, the influence of rate of loading to 
selected and the 


effect of prior-strain history on the tensile properties 


creep stresses on creep behavior, 


at room temperature of the nickel. Contour and 
hardness surveys were also made on specimens frac- 
iured in creep and on specimens fractured in tension 
at room temperature, and the microstructures were 
correlated with creep and tensile behavior. 


ires in brackets indicate the liter 


Discontinuous flow 
and it was affected by temperature, 
of strain aging was especially prominent 
ns stressed i 
lhe experimental results are analyzed it 
Strain hardening, 
obtained during creep are further evaluated by means of true-stress—truc 


room té ni pe rature 


300°, 700°, 900°, and 1,200° F of 
was observed ir of the 
strain rate, and prior-strain history 
300° | 


excess of the tensile 


In tension at 
three 

Phe 
as manifested by atta 
strength at thi 


each 
t he 


at 


terms of 
and the 


t he past al d present theories 


recovery initiation, propagation, and 


allo 


and by met graphic eXaminatior 


2. Previous Investigations 


The results of creep and other tests made at the 
National Bureau of Standards on high-purity copper, 
both initially annealed and cold-worked 
various amounts, and on annealed high-purity nickel 


are presented in several publications l. 2. 3, & 
The results of made at temperatures 
ranging from —320° to 1,500° F on the 

of high-purity nickel [3] used in the 
showed in 


tension tests 
same lot 

present 
the 


as that 
of 


Sv 


ereep tests irregularities some 


tensile properties at temperatures of about 
(00° F and 500° to 700° F 
the rarer SO 300° F 
tion predominated in specimens fractured at 1 
500° F 

Several comprehensive summaries and appraisals 


- stra aging occurred in 
and recrystalliza- 
200 


oO recovery 


or | 


of the existing theories of ereep have been recently 
published 5 | Hazlett Parker 7} une luded 
the results of constant creep on 
high-purity nickel in their discussion of the nature 
of the creep curve. No attempt will be made, there- 
fore, to completely review the abundant literature on 
the deformation of metals, but reference will be made 
to selected publications that are closely related 
the results given in subsequent sections of this paper. 


and 


stress tests 


some 


to 


3. Material, Apparatus, and Procedures 


The 
all bars were processed from one 14- by 14- by 60-in. 
This ingot was milled, then forged to 8- by 
and hot-rolled to 2's-in. square billets. 
then hot-rolled to 7-in.-diameter 
16 hr at 1,100° F, followed by 
The average grain diameter was 
0.045 mm in the above condition as supplied by 
the manufacturer. All the in the 
creep tests except two were prepared from the same 
bar, designated as A in tables 1, 2, and 3; the two 
specimens prepared from bar E were used for check 
purposes. Chemical, spectrochemical, and vacuum- 
fusion analyses were made on specimens prepared 
from bar A, and the results (percentage by weight 
were as follows: 99.85 Ni, 0.009 Cu, 0.04 Fe, 0.08 
Mn, 0.11 Si, 0.007 C, 0.002 S, <0.01 Co, 0.001 On, 
0.001 N., and 0.0002 H, 


nickel was prepared by induction melting, and 


ingot 
8-in. blooms, 
The billets 
bars and annealed 
8 hr at 1,000° F 


were 


specimens used 























were also made 
and on two 
‘and 631—-A 


Wis 


Tensile tests at 
prepared 


room temperature 


from bat \ 


Oh sper Hers 
inated ¢ 


additional in. round bars, cde 
table , \ 
carried out at 1,750 


from bat \ Ol 


tively 


subse quent anime aling treatment 


F on certain specimens prepared 
and \ in order to produc nt rela- 


coarse Grain size approximately 1.o- to 2-mm 


ivy diam 
The 


ratus used for 


specimens and the 
been pt ‘viously 
had «a 
gage length of 
to the 
furnace regu 


preparation of tha appa 


creep testing have 
The 


section of O.505-1n 


cle seribed ] creep specimens reduced 
diameter and a 4 
in. Each specimen was heated in an desired 


heated 


ontrol 


temperature in an electrically 
lated by 


nen Wh 


bone h speci 


n photoelectri type ( 
hr before 


held at the temperature for 48 
added 


applying the loads Increments of load were 

at t-hr intervals until the desired creep stress was 
reached The load imerement corresponded to a 
stre of 5.333 Ib/in unite the creep stress Was hot 


rT] multiple of 5.8338 In that case, the final increment 


was smaller This loading procedure selected as 
Standard was modified in those tests designed to 
show the influence of rate of loading on creep by 
havior All of the creep test were made unde 
constant loads and the creep-stress values also 
designated as nominal stress were obtained by 
dividing the loads by the original cross-sectional area 


of the pecimens 

The tensile tests at room temperature were mad 
atastram rate ol approximately percent reduction 
ol are 1per minute | sual recommended procedures 


specimens and making the 
and in the prepara 
for metal 


were used for preparing 
Rockwell hardness measurement 


by mechanical me thods 


tion of specimens 


lographic examination 


4. Results and Discussion 


Stress and Temperature on Creep 


Behavior 


4.1. Effect of 


The results of the made on specimens 


standard rate are 


creep tests 


loaded at the immarized in table 


and shown im figures | to 15 

The resistance of the nickel to plastic deformation 
decreased as the test temperatures were increased 
fig. 1,A Some idea of the reproducibility of the 
strain measurements | hr after the application of 
stress increments of 5.330 Ib/in’ can be obtained 


from the lengths of the horizontal bars representing 
the range the number of test 
specimens designated above these bars. The resist 
was similar for all 


of extension values for 


ance to flow at each t mperature 
the nickel specimens tested at that selected tempera 


ture Furthermore, no marked differences were 


obtained in the extension measurements made on 
the extensometer strips located 180° apart on the 
specimen (positions x and y, respectively, fig. 1,B 
This fact indicates that nearly axial loading was 


attained and accurate measurements of extension 


were made even in the primary stage of creep 
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The families of curves in figures 2, 3, and 4 
| 


the creep behavior of the nickel in relation to . 
ent stress levels at temperatures of 700°, 900 
1,200° F The 
lor specimens tested at 300° F are 
and will be discussed lates An attempt wa 
to select the applied loads so that 


respectively extension-time 


viven in fi 


nul least ome 
men in each series would be subject to the samy 


at each of the four temperatures used Ho 


this was impractte al because of the wide differs 
in resistance to flow over the temperature rang 
to 1,200° F. For example, a specimen stress; 
9.330 Ib/in’ at 1,.200° F (fig. 4) fractured in 

at an extension of 9L percent, whereas a sper 


700° F (fig. 2) lengt| 
The 


plotted 


16.000 Ib/in? at 
, O00 hi 


stressed at 
only appearance 


extensron-time 


) peres nt im 
indicat 


curves, as 


creep occurred in a continuous manner in al 
hens except the L010 lb in nt 
Ik (fig. 4 The irregularity in the latter ¢ 
believed to be due to a combination of strain h 


recrystallization 


one stressed at 


ing and reerystallization with 
dominating; high-purity 


10° F IS 


ree rvstallize Ss atl 
when the 


rie kel 
proximately | Howevet 
were plotted on a more expanded seale (not sh 
irregularities in the extension-time curves wer 
st rved Ink ern h ol the three stages of cree pin all ol 
fracture Th 


illustrated I 


to compl lé 
Is cl arly 


specimens test dl 


ence of irregularities 


logarithm of extension curves of 
The serrations in these curves are in ¢ 
of those that can be attributed to variations in 
conditions. The magnitude of the 
stresses appears to be vreatel than at the high st 
to th 


creep rate 


y and 
SerTracions at 


levels at equal temperatures, due, in part 
of the semilog relationship. The 
rene ral may be considered as due toare petitive 
consecutively 


serrated curve 


of reactions occurring each wit! 


different energy of activation as affected by tl 


instantaneous condition of the nickel. These irr 
larities in the three stages of creep are considers 
least in part to be due to such factors as 


orientations, grain rotation, formation of subgran 
within the parent grains, strain hardening, recov: 
and formation of cracks 

The shape of the curves for specimens teste: 
(00° F at stresses of 45.000 and 45.500 Ib/in f 
may be interpreted as indicating flow by the 
dominance of the exhaustion mechanism of dislo 
tions |10] and also the existence of a stress regio 
between 45,500 and 46,000 Ib/in’ where the flow 
predominately by the 
The considerable jaggedness shown in the cu 
for the specimens tested at 700 kr were 
accentuated by the nearness to the magnetic trans 


Curie point) of nickel (680° F) [8] 


generation of dislocatior 


poss 1) 


formation 

Discontinuities obtained in some of the tens 
properties of this high-purity nickel at both 30 
and 700° F were also discussed in a previous pub 
cation [3] According to Késter [9], the elast 
modulus in tension of nickel decreases as the 
temperature is increased from 80 


to about 32 
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then increases with further increase in tempera 
to the Curt HSo° Fk The 
md GSO° F Che modulus 


pone values at 


were nearly the sate 
decreases continuously as the 


ised from 680° to 1,400° F 


temperature ts 


In magnitude 
and at 900° F (fig 
Thrice 


i discontinutties appear to increas 


decrease IL Stress both at 700 


The latter 
fora continuing 


temperat ine seems to be favor 


balance between strain harden 
ima recovery he curves for specimens tested 
of the effect of stress 
region, on the 


original grains 


00° F are representative 


reervstallization Initiation of 
hardening of thr followed by 


then reervstallization, followed 


nuots recovery 

in erowth aha creep on the larger vrais 
processes are ensitive to stress and tempera 
is shown by the magnitude and the distribution 





eontinuithe 


relationship between the logarithm of creep 
ral the linear in the 
portion of the first stage of creep of the nickel 


logarithm of time is nearly 


oo mens curves are not shown The eveling 
observed however ure considered as indi 
that the deformation Process should be both 
ind temperature dependent. In contrast, the 

made by Andrade 11] indieated that the 


anism of deformation in the initial stage of 


» IS independent of stress, temperature, and 

ib composition 
he effect of stress and temperature on the slope 
: he logarithmic creep-rate-time curves is shown 
7 At 300° F, the slopes are independent 
tresses within the range of 32.000 to 43.000 
, but the slope increases as the stress is further 
é nereased to 45,000 Ib in At 700 I. the slope is 
dependent of stress over some stress ranges. but 
trongiv stress dependent over other ranges 
Ar 900° F the slope shows a continuous increase with 
: se in creep stress; it appears to approach a 
value at relatively high Stress levels Con 


to the 


tha specimens 


trend at 900° F. the slope of the curves 
tested at 1,200° F 
ous decrease with inmerease in stress 
lhe present data evaluated to ascertain the 
of the creep of nickel to the exhaustion 
ol proposed by Nlott and Nabarro 10} and 
| Davis Thompson 12). The 
ustion theory Is considered as yv nerally appli 
le to the creep of metals at relatively 
temperatures and stresses. The modified theory 
relation between the logarithm of 
product of the rate and time and the 
iithm of the strain; in this plot, the values for 
slope of the curves should be within the range of 
and 1. Most of the experimental 
S) agree closely with the results predicted by 


shows n con 


were 


{ 


Ormity 


tee by and 


primary 
diets a linear 
( reep 


results 


modified theory 

lhe relation of creep rate to strain for periods of 
60, and 105 min after the application of the creep 
esses at different temperatures is illustrated by 
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ligure 9 he 
log log plot 
obtamed ot 


the results 


Subntinarized im thar Nitin 
is shown in the 
min after the 


this temperature 


deviation from linearit, 
experimental 
application of the stresses at 300° F 


results 
is within the where strain aging 
the nickel 

shown in the 


range enh occur mm 


deviations from linearity are also 


Sore 
values for a period of 105 min at 1,200 
I reervstallization can this 
he slopes of the family of curves shown for 

mens at SO0° F also fig. 10 
Whereas the slopes varied somewhat with the other 
test The slopes of the 


temperature of 


occur at temperature 
spect 
were nearly constant (see 
three 


used 


temperatures 


eurves again come ntoa 
mately S50° k 
Che influence of 


periods of 10, 60, and 


UpPPronrt 


tress on thre ereep rate for selec ted 


20 min after the appheation 


of stress at the different test temperatures ts shown 
in the results of figure 11 The contour of the family 
of sigmoidal curves (semilog plot is affected by both 
time and temperature the curves representing the 
Values, as plotted on a log-log basis (not shown) are 
also sigmoidal The curves iy 11 nlso indicate 
that, at each t Inperatvure used, there is a threshold 


Stress iY low whi h ho measurable ereep would oceur 


Numerous theories have been proposed lo ¢ \plain 
the effects of stress on the rate of ee pin the second 
been obtained between 
metalln 
experimental values were plotted on the 


Linear relations have 
and 


when the 


stave 


stress creep rate of various materials 


basis ol log log emilog or creep rate hyperbole 


sine funetion of stress 

The influence of stress on the secondars ereep 
rate of the nickel at different temperatures is shown 
by the results given in figure 12 The relationship 


rene ral is not 
Tile kel 


between stress and rate in 


ereep 


linear when the experimental values for the 


re plotted on either i lov log ora semilog basis i 


linear relation is obtained in the semilog plot of the 
values obtained for the specimens at 1.200 Ih The 
resistance to creep increased with a decrease in test 


temperature \t rt) IK the inttially annealed 
nickel had a high resistance to creep for 
to 45,500 Iban a further 


of 500 Iho ine the 


stresses up 


but with increase im stress 


creep rate increased by a factor of 


about TOOLOO0 It is note worthy that these stresses 
used in the ereep tests are only about 1 500 and 
1.000 Ib/in’, respectively, below the tensile strength 


of the nickel at 300° F (hig. 13 The high resistance 
of the nickel to creep at 300° I 
hardening and rela 


700°. 900 12?00° F 


is atiributed to a 
combination of strain and age 
tively low rate of recovery \l 
lig. 12), the creep rates increased continuously with 
an increase in the investigated 
This curvilinear relationship indicates that the defor 
mation characteristic (strain hardening and recovery 
of the mekel continuously changed as the stress was 
However, the linear relationship ob 
tained between the stress and log creep rate of the 
values for specimens tested at 1,200° F is indicative 


stress in ranges 


increased 


of an appro h to viscous flow at this temperature 
The relation temperature to 
produce various second-stage creep rates is shown in 


stress and 


between 












fiorture 1 The trend is for tha curves to converge 
ata test temperature ;O0° fk The magni 


tude of differences between the curves corresponding 


of about 


to the various creep rates emphasizes the importance 
the properties of a 
ancl the 


of a knowledge of engineering 


metallic material accompanying micro 


structures mn the design ol components for use at 


elevated temperatures 


The relation between second-stage creep rate and 


ductility is shown in figure 14 The amount of 


plasty extension on loading decreased continuously 


Heres ith necessary 


with temperature to produce 
econd store 

little 
third sta 


attributed 


equivalent creep rates 
available im the 
The 


to such 


Relatively information 1 
literature on the 
of this stage has 


the begining of 


reot creep Initiation 


been factors as 
inerense mn 


of the 


microcracking creep 


stress due to a decrease in the area specimen 


i 


nlotmiie rearrangement, et 


he 


of the third 
inerense m secondary 
200° F (fig. 14 \l 
in duetihtyv with ereep rate was 
highes 
nmount of plan tic extension at the beginning of the 
900° than at 


extension-creep 


plasty extension at the be ming 


increased with 


ereep 


creep rate at nna | 
though thre 


pronounced at the 


change 
here mperavure the 
third stage wa 
1ePo0° \t 
shows 
Only 
and to complete fracture at 


appreciably greater at 
700° F. however. the 
reversals in the intermediate range 
of rates tested into. the 
third stage moc \ 
maxinum value for plastre extension at the beginning 
of the 
but its extension at fracture was appreciably less than 
that of some other specimens fractured at 700°, 900 


200° | All the 


percent or 


rate curve 


ole specinen il 


third stage was attained with this specimen 


had ar 
Iracturing 
Loo 


or | fractured specimens 


extension of Oo more wlore 


the elongation in 2 in. exceeded 
elfect of secondary 
plastic extension at fracture varied with 
At 700° and 900° F, the 


creep rates were 


Ih some causes 


percent Hlowever. the creep 
rate on the 
the test 
extension increased as the 
at 1.200° F the 


rates 


temperatures used 
decreased 
extension imcreased with 


Msensitive 


whe reas 
area at 
exten 
reduction 


reduction. of 
to the rate of 
for the 
in temperature 


necrease im othe 
nearly 
tout the 


fracture Was 


s1on used general trend wa 


of area to increase with an increase 
secondary 
1.000 hr at 1,200 


rear 


however, one specimen tested at a creep 
F had 
17° 

beginning of 
creep increased continuously with 
0° F (fig. 15), but 
represent 


rate of about 


a relatively low value 

ha strain, logw.(dy A at the 
the third stage of 
the truce 
reversals wert 


10) percent per 


for the tron ot area 


tru 

tres mt tn nna 
nyvauin obtained mn thy eurve 
true-strare relation at 


stress 


ing the tru 
At each of 
table | 


Stress sot 
in the 
strain 

were 


these temperat res. the true 


with Increase 
Ihe 
values at the third 
appreciably higher in all of the specimens tested at 
00°, FOO", and 900° F than in the specimens tested 
at 1 2oo F even though the ereep rate of some of the 
former specimens was slower than those at 1,200° F 
Thus, the recrystallization that 


increased continuo isl 


rate in the second stage true 


beginning of the 


stage 


phenomenon ol 
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occurred at 1.200 * was not accompanied 


m duectilitv as measured by the true 
third stage 


was relatively inset 


Mmcreuse 
at the beginning of the 

Che true fracture 
tive to Variations mn 
whereas at 1,200° F the 
true 


strain at 
700° or OOO 


stress at 


true 


true strain Was mats 


stress of secondal \ 


affected by changes in 
rate 
the true 


Except for one specimen tested at a slow 
strain at fracture 
nh test temperature 

The effect of 


increased with an ine 


temperature and secondary 
on the rate-time relation during the thir 
ol ereep Is shown m heures 16 The slop ol 
urves differed somewhat as the test cond 
altered The 
ical values of slopes of these curves to be steeps 
200° F than thos 


lineal 
were general trend was for the n 
the specimens tested at 700° o1 
at 900° F 

An analysis of 
under creep conditions showed that the 


measurements of ductility 
flow 
acteristics of the nickel cannot always be pred 
from solely on detern 


tile 


accurately results based 


tions of and ductility at fracture 


Stress, 


4.2. Effect of Rate of Loading on Creep Behavior 


300 700 and 900° | 


‘Tests were made at 
determine the influence of rate of loading to diff 
stress levels on the creep characteristic of the n 
initially as annealed The test conditions 
results are summarized in table 2 and figures 17 to 

Extension-time curves are given in figure 17 
00° F that were loaded at 


specimens tested at 
the creep of ; 


standard rate until stresses 
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1? GOO. 45.000. 45.500. or 46.000 Ib in specimens 


numbered A-5, A-9, A-4, A-12, and A-16, respe« 
tively) were attained, Thereafter, the changes in 
tress were made at the times designated on tha 
curve If the creep rate, deformation characteris 
ties, and ductility of the high-purity nickel were 
independent of prior-strain history, then the creep 


would be alike at anv one of the selected stress 


curve 
level That is, the extension-time curves for all the 
specimens tested at a selected stress would coined 
ither as constructed or by the tran position of tha 
imttial exten ion value to those corre ponding to the 
“wro time ordinate at sth tre llowever, an 
ictual comparison of these « vi for any selected 
tre level how that tha ereep varied markedly 
with rate of loadin For ex ump! at oa nomuina! 
stre of 46,000) tboin pecimen A-16, which was 
loaded = relatively rapidly Iractured in ,Oo ln 
wheren pecinen \ ) Which Wi loaded lowly clid 
not fracture in $982 her at tho tre This differ 
ence in ereep rate is primarily attributed to a combi 
nation of train-avging and train-hardening chara 
teristics of the nickel At 300° Ff) the strain aging 


ind bardening is considerably more prominent im the 
loaded slowly than un the specimens loaded 
rapidly to the Although the 
strength of the nickel at 300 kK is 46.400 


that the ereep Life 


pecinen 
selected ere postr ‘ 
tensile 
lb in ’ it 1 
appre iable in some of the 


noteworthy was 


pecinen test« dl at stresses 
of this value 
Lubahn [13] 


discussed the 


Ith CACOSS 
made a review of the 
elTeet 1 both nonferrous 


effects to 


literature and 


st rain-agin 


and ferrous materials Hie relates the 

vield-point phenomenon, strengthening (increase in 
flow stress or hardness chscontinuou vielding sel 
rated stres train curve ole ind abnormally low 
rate sensitivity Furthermore he reported = that 


strain aging is of partir ilar lmiport ince increep whe re 


the associated strengthening can cause a significant 
decrease In ereep rat 

The effect of prior-strain history on « reep behavior 
| evident from the res ilts immarized ith figure IS 


Thi 


detormation at a fast rate 


titi lay for the mitiation and propagation ol 
followed by a slowing down 


eonstant rate can bye considered nN 

The 
obtained with the 
high-puritv nickel may be with 
strain history of the nickel and in the 
inerements \s 


toy SOTdbe rhe arly 


fundamental property ol metal sigmoidal 


form of the extension-time curve 


howevel modified 
( hang sim the 
the stress 
was differences 
were also obtained in the creep rate-time relationship 
fir. 19 Kach of these definite 
and the maximum creep rate obtained in this 
of curves increased with an increase in creep 


stress 


magnitude of the 


increased on a selected specimen 


curves showed tu 
peak 
family 
stress 
are shown in figure 20 for 
fracture in 
The values for time, as plotted in 


Extension-time curves 
all the 
creep at 300 ke 
this figure, include only the range after the applica- 


specimens tested to complete 


tion of the stress producing fracture, as designated, 
whereas the extension values also include a summa- 
tion of all of the prior extension of the 
The sper hen \ 16 loaded at the 
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plastic 
specimen 





to 46,000 Ib/in’, fractured after 
this Stress: 


standard rate 


tively short time at this creep str 


slightly below that of the tensile strength of 
annealed rik kel However each specimen 

A-5. A-4. and A-12) that was loaded slow], 
stress in excess of the short-time tensile strength 
an appreciable life before fracturing The pl 


extension at fracture of the specimens log 


slowly ranged from about 55 to 60 percent, wher 


the extension was 69.5 pereent for the 


As shown by th 


sy Ci 


loaded rapidly curve in the in 


the clongation at tracture increased continuo 
with increase im the imitial creep stress applied 
loncing to this stress at 5.330 Ib/in at l-hy inter 


curves al shown ith hierure 
TOO? FF that 
30 thin 


4 \ 


iextension-time 
were 


| he 
‘ 


lor two specimens at 
ently to a stress of 21 vreatet 
hardening in the specimen (A=! 


resulted in the lowering of the curve 


load al le 
and rate in 


econd stave ofl ereep In loading each 


final increment of stress was sufficient 


Speciy 
howevetl the 
a decrease in creep rate with time in 


The parallelism of the vo 


to produce 
first stage (fig. 21, B 
curves tndieates that there was no appreciable al 
in the 


first stage ol « reep 


ene mechanism of flow of the two speci 
im the 

The influence of loading on the 
havior of the nickel at 900° | 


table ) 


ithe Linch 


rate of ereep 
is shown by thr res 
The 


duplicat test 1 


of figures 22 and 23 and testing pro 
extended to 


\-S and k-4 


ent bars processed from the same heat 


Truth Wis 


specimens prepared from two diff 


The creep characteristics in both the first and 


ond stages were nearly alike for the two specimer 
prepared from different bars of the annealed nickel 
and tested under the same conditions, as is show 
by the near comeidence of the curves re presentit 
the experimental values (fig. 22.A 

At a stress of 13,335 Ib/in the primary cre¢ 
rate-time curves are nearly parallel (fig. 22B 


the two curves do not comeicde Likewise, at a stress 


of 16,000 Tb in the curves are again nearly paral 


fig. 23B), but they do not coincide and thetr sloy 
differs from that of the former curves (fig. 22B 
This indicates that the mechanism of deformatior 


im the at 900° F is stress depend nt. but at 
“ao viven stress level, the 
dependent of the prior-strain history of the ni 
Although the wide variations used in the rate of 
specimens to the relatively 
affected the creep rate im the 
this effect was not as pron 


lirst stage 


mechanism is primarily 


loading the low cree] 
13.335 Ib/in 
second stage (fig. 22A 
nent as that obtained at the lower test temperatures 
{ comparison of the extension-time curves for th 
period ranging from 750 to 1,050 hr indicates that 
the creep rate of the specimen E—5) loaded imstan 
taneously was somewhat lower than that of the spec 
mens (A-8 and E-—4) loaded at the standard rat 
The creep rates of the latter specimens were also 
higher than that of specimen (A-—13) loaded slowly 
The second-stage creep rate was increased and tin 


stress ol 


to fracture was decreased by decreasing the standard 


; 


rate of loading to a creep stress of 16,000 Ib/in.’ (hig 


Q3A) 


This increase in creep rate and decrease in 











o fracture can be attributed to a difference in . 
nt of plastic deformation of the specimens a . 


me ol applying the cree p stress of 16,000 Ib in » eo 
\ specimen (A-13) was unloaded from a stress of J e ~ 
Ib in and allowed to relax at Zero: Stress o” « a 
reloading at the standard rate to the abovs £ 2% » 
its temperature was maintamed at 900° I 
hysteresis loop (lig. 24,A) obtained was closed ‘ g J \, 7 sumer ~ 
ndicating no change in the extension value at A Pa a 
: ittainment of the final creep-stress level Hlow . = 0 -- E8780 wm cacee 6 
thre slopes of the curves for thre conditions of 4 . 
ding and reloading (fig. 24,A) and also for ini T af 
mding (hg. |) were not parallel The effect of i « f rs 
on change mm extension at zero stress for this ex ; | a » 7 
\ men and another specimen (E-4) that had  e- | et 
ested in creep to approximately the same ex we ss we 
mis shown in figure 24,.B The parallelism of 
“ ives indicates that the mechanism of relaxation 


£ 
¥ 


milar for the two specimens. The second 
eep rate ol pecumen A—-13 table 2 at 3 

crent of 13.335 Ibn’ was slightly lower after the 

vele of unloading and reloading 

eg he hysteresis loop previously obtaimed with 


Paes sees - 


n-ires high conductivity copper was not closed 
Apparently, both the chemical composition 
yrior-strain history of the materials affect this 

omecnon 

is the influence 0 
or ol thr iruitially annealed nickel depended higure 2 
ly upon the strain, temperature, and stress edhe 


rate of loading on creep 


ilso on the magnitude ot the yyiny, strain hard 
and recovery that occurred in the temperature 


i 


nvestigated Ihe results ugnihn serve to 


hasize the mnportance of controlling the rate o 
rit In creep Lest 1 

niin + 
4.3. Effect of Prestraining in Creep on the 
Mechanical Properties at Room Temperature 


sion tests were made at room temperature on 
mens prestrained different amounts in creep 
roan 100° F and also on specimens prestrained in creep 
700° or 900° F and then annealed at 1.750° F 
228 esults are summarized in figures 25 and 26 and 





bh 
uit a The influence of prestramimg in creep at 900 Ik 
ym he resistance to flow in tension at room tempera 
is illustrated by a comparison of the relative 
ite oO ositions of the curves of figure 25. The resistance 
creep » the initiation of flow was decreased somewhat by 
n thé deforming 12- or 19-percent reduction of area in 
ens creep, but the resistance to flow for strains within 
range of about 0.02 to 0.3 increased with the 


r the ount of prestraining in creep. However, at still 
thal } } 


, 





er strains the flow curves intersect for specimens 
sneur: restrained 12 and 19 percent in creep, respectively 
_ lhe vield and tensile strengths increased continu Soe oe ee 
—_ ously with the amount of prestraining at 900° F 
= le 3 This increase in the strength properties 
accompanied by a corresponding decrease in : ‘ 
un at maximum load, at the beginning, and at a en 
C. iplete fracture Che inconsistencies observed 1 Praunn $0 fatucnee of orier-elvain history fellewed bu anneal 


4 * pattern for the values of true stress at the veg ng at 1,750° F on the true-strese—true-strain curves for speci 
si 





ow 1\ 
time 


vdard 


or at complete fracture can be attributed to mens tested in tension at room temperature 
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necking characteristics of the differ 
The 


creep and 


Variations im the 
values obtained for reduction of 
tensile 


ent specimens 
total of 
were independent of the 

Increasing the annealing temperature from 1,100 
to 1,750° F to flow at room 


temperature of the 


room 


temperature 
strain history 


aren 
prio 
decrease al the resistance 


nickel (fig. 26 this increase in 


temperature Wis accompanied by an oin 
The to flow at 
was further prestraining a 


Ss percent i 


rite aling 


crense th grain size resistances room 


temperature reduced by 
duction of area in ereep 
table } 


increase m 


specimen to 
at 700° k 
this 
stram at 
B.A percent reduction of area at 900° F 


annealing at 1.750° F did not materially 


before annealing at 1.750° F (se« 
accompanied by an 
prestramimng to 
followed by 

affect the 


eurve for 


decrease Wiis 


maximum load However 


position ol thre true-stress-—true-stram 


strains ranging up to about 0 maximum load 
Above this range, the curves for the two specimens 
prestrained in creep were nearly alike The flow 
curve for the specimen cold-drawn 30-percent reduc 
tion of area before annealing at 750° F is located 


between the curves for the mens annealed only 
at 1.750 or 1.100 I Evidently the effects ol 
such as preferred orientation and 
completely re 


relatively 


sper 


the cold working 


elongation of the vrains were not 


moved by subsequent annealing at the 
high temperature 


The effects ol 


temperatures 


prestraining the nickel in creep at 


a orent and rates and in tension at 


room temperature on the necking characteristics 
Rockwell B hardness at 


shown by the summarized in figure 


and on the room tempera 


ture are results 
- 

~~ 

was for 


It is apparent that the general tendency 


the nickel to neck sharply before fracturing in creep 
fig. 27,A) or in temperature (fig 


tension at room 


he However, one specimen (A-22) with a slow 
creep rate at 1,200° F fractured with a relatively 
small amount of local necking (fig. 27 A The 


necking characteristics observed for the 
tested at 300 F ower independent of the rates of 
loading used (insert, fig, 27.A For the specimens 
fractured at room temperature, the tendency toward 


a minimum in the specimen 


specimens 


localized nec king was 
(’-9) annealed at 1,100° F and a maximum in the 
specumen (A-—6) prestrained to 42-percent reduction 
of area in creep at YOO | hig. 27.C 

The hardness at room temperature of each speci 

700 or 900° F 
amount of deforma- 
27.B 


relative 


men fractured in 
increased with an increase in the 
tion in the vicinity of complete fracture (fig 
thei 

positions varied with the test temperatures and creep 
The trend was for the curves to be displaced 


ereep nt 00) 


These curves are nearly parallel, but 


rates 


to higher values as the creep temperature was de- 
creased and the creep rate Was incre ased The hard- 
ness of the specimen (A-—20) fractured at 1,200° F 


with a relatively high secondary creep rate of 500 
percent per 1,000 hr also increased with increase in 
deformation at fracture 
to considerably lower values than the corresponding 
specimens tested at the lower tempera- 
the trend was for 


but the curve was displac ed 


curves fot 
the hardness of 
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tures Hlowevet 











the other two specimens A-—21 and A-—22). t 
1.200° F with slower secondary creep rates 
crease as the deformation im the viemnity of fr 


increased \s previously pointed out 1.200 
above the recrystallization temperature of 
Whether the recrystallizatior 


wv strain hardening predominated at 


combination of 
recovery 
I cle pended upon the creep rate or time in the 
Evidently, strain hardening 
dominated in the former specimen, whereas rec 
and reerystallization predominated in the latt 
specimens The rate of loading at 300° F hax 
material efleet on the sul sequent hardness i 


stave ol ereep 


by deforming in tension at room temperature 

As is to be exper ted, the hardness of all th 
mens tested in tension at room temperature in 
continuously with increase in deformation (fig. 27,D 


However, the relative positions of the hardn 
reduction-of-area curves varied with the prior 
history of the nickel Prestraining in creep at 90¥ 
KF, without subsequent annealing, resulted in a get 
trend of raising the positions of these curves as 
amount of prestraining increased 
annealing temperature from 1,100° to 1,750° F | 
effect on the hardness reductior 
temperature 


This relationship 


Line reasing 


no significant 
area relat ionship at room specimens 
(9 and A-19 respectively 
also unaffected by cold-drawing $0-percent reduct 
of area followed by annealing at 1,750° F 
631—A and A-19, respectively However 
ing a specimen to 30.8-percent reduction of area i 


F before annealing 


specime ~ 


prestrail 


the third stage of « reep at 700 


1.750° F had the over-all effect of decreasing ih 
resistance to hardening induced by deforming 
tension at room temperature (specimens A-17 an 


631—A 


4.4 Effect of Creep Conditions on Fracture 
Characteristics and Structures 


The effect of 
the specimens fractured in creep at relatively h 
rates is illustrated in figure 28 Each of these sp 
mens exhibited a ductile fracture, a rim effect, an 
both circumferential and longitudinal flow lime Ss Ol 
No evidence of surface cracking was 


or 700 


temperature on the appearan 


the surface 
observed in the specimens fractured at 300 
KF, whereas numerous were formed in. the 
surface of the specimens fractured at 900° FF. Sur 
fave cracking was accentuated by further increasing 
the test temperature to 1,200° F (fig. 29,A) and by 
decreasing the creep rate at this temperature (fig. 2 
The presence of numerous surface cracks, howev 


cracks 


was not always accompanied by brittle behavior 
determined by the appearance of flow lines and by 
measurement of the reduction of area at fract 
This is evident by a comparison of the appearance 
tested at the fast or imtermediat 
29.A and B) with that 


“stht) 


the specimens 
creep rate at 1,200 F (fig 
the specimens tested at high creep rates at 
700° F (fig. 28,A and B Despite the presen 0 
the surface cracks in the former specimens, it 

lieved that the cracks linking up to form com 


rupture were initiated at or near the axis of th 
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eture specimen and then propagated outward to the su The grains were nearly equiaxed in the annealed 
nee of In rim effect However, extensive surface crack- | nickel (fig. 30,A These grains were elongated 
ediat and a relatively brittle fracture were obtained in during ¢ reep but the degrees of distortion and strain 
hat of I specimen tested at a slow creep rate at 1.200 I markings varv with the test te mperature and creep 
1° 0 29,C The evidence indicates that cracking | rates. The trend was for the distortion and strain 
nee ol ted at or near the surface of this specimen and | markings in the region of complete fracture to be 
ne i propagated to its axis Thus, the surface accentuated by decreasing the secondary creep rat 
) warance of a failed specimen does not necessarily within the range used at 700° or 900° F (fig. 30,C, D 
of the al its behavior in creep KE, and Ff Distortion of the grains at fracture was 
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somewhat less severe in the specimen tested at 300 
F at a relatively high rate (fig. 30,B 
specimens fractured at either 700° or 900° F 
Furthermore, the number of microcracks observed 
in the vicinity of complete fracture was a minimum 
in the specimens fractured at 300° F, intermediat« 
at 900° F 700° FF. Lf cracks of 
microscopi dimension are a prerequisite for the 
beginning of the third stage, then it is to be expected 
that cracks also would be 


and a maximum at 


obse rved In regions other 


rE 2S SN pecimens 


than in the 


fracture. However, no m 
detected in’ these nickel specu 
fractured in creep except in the region of co ny 
fracture 

No indication of recrystallization was observe: 


complete 
were 


than at 


cracks 


a metallographic study of the specimens fractur 

300°. 700°, or 900° F: 

transerystalline 
Strain marking 


the failures were prob; 


and distortion of the grains 


fracture were less prominent in the specimens tes 


epatl diffe 


ni tem pe 








200° F (fig. 31) than in the specimens fractured | 31,A and B The grain size in the vicinity of frac- 
w lower temperatures (fig. 30). Moreover, the | ture of the latter specimen varied markedly from its 
of the grains at 1,200° F varied appreciably | center to its surface (fig. 31,B and C, respectively) 
creep rate and also from surface to center in | This may be interpreted as supporting the belief that 
specimen. Decreasing the secondary creep rate | the final fracture was initiated at or near the surface 
500 percent to 10.5 percent per 1,000 hr was large grains) and then propagated to the axis 
1,200° F is above the recrys- 


mpanied by an appreciable increase in grain small grains \s 
temperature of nickel, it seems feasible 


and a general deterioration at fracture fig tallization 





TEMPERATURE , 


Fiat rE 20 Specimens fractures 








nnealed and after fracturing in creep atd fferent te mpcratures and 


arts of H N Oy (concentrated 14 parts gl al ascetic 








the freshly fractured and nearly strain-free 
stallized grains at the surface continued to 
while the normal process of strain hardening 
rv, and recrystallization was occurring in the 
el ired interior ol the specimen The relatively 
erain crowth after the final recrvstallization is 
more apparent at the surface 0.1 in. from com- 
fracture of this specimen (fig. 31,D 








HNO o-reentrated) and 4 part 








The fractures at 1,200° F appeared predominantly 
intererystalline, although transerystalline 
cracking was observed 

Typical 
taken 


Sols 


microstructures observed in a 
that had 


specimen 
been strained into 
and then fractured 
illustrated in the 
figure 32. The 


from a test bar 


the third stage of creep at 900° F 
In tension at room temperature are 
photomicrographs of 


microcracks 





ng in p lifferer # 1.20 / 
i i " 
Remark 
Near ax fracture 
I> 
ime spe ‘ as B; near outer surface 
ractur 
rhe ear outer irface 





were located near the axis of the specimen, and they 
were confined principally within the region of com- 
plete fracture; the cracks were of the elliptical type 
The extensive flow that occurred at the outer surface 
and the general disintegration at the axis of the 
specimen indicate that the cracking leading to com- 
plete rupture was initiated at the center and then 


progr ssed outward 


An oxide film formed on the 


specimen during the time of exposure in 
900° F. This film was fractured in the tension 
room temperature (fig. 32,C and D), but appa 
it had no significant effect on the mechanism o 
final fracture. Extensive strain markings and 
distortion of the parent grains are also evident 
distance from complete fracture (fig. 32,E and 
In a specimen that was strained into th 


frained ine cep at 900 


glacial 

















of creep at 700 then annealed at 1,750° F propagated outward It is of interest to note that 
fracturing in tension at room temperature, the | no general disintegration occurred in this specimen 


ire Was transerystalline (fig. 33,A The pro- | and the wavy strain markings or bands become wider 

ced elongation of the grains at the outer surface | as the distance from complete fracture is increased 

the intensification of strain marking within | up to 0.3 in. (fig. 33,4, C, and D Some of the 

grains (fig. 33,B) also indicate that the fracture | strain markings also cross the grain boundaries, as 
| his specimen started at or near the axis and | is clearly illustrated in figure 33,C 












annealing at 1 90° F on the fructure of a specimen p oO i extended in creep a wr | 


and subsequently fractured in t 


5. Summary 


Tests were made to determine the influence of 
tress, temperature, and prior-strain history on the 
creep behavior of initially annealed high-purity 
nickel (An evaluation was also made of the effect of 
prestraining in creep, with and without subsequent 
annealing, on the hardness and tensile properties at 
room temperature \ metallographic study was 


made of all the specimens fractured in creep and of 
pecimens fractured in tension at room temperature 
after prestramimng im creep The results are sum 
marized m figures and tables and discussed mm some 
detail in the text 

Discontinuous flow was observed in creep at 500 
<0 wt) and 1.200 | The magnitude and 
position of the serrations in the creep-rate-extension 
curves varied with the test temperatures, and they 
were affected by such factors as strain aging, strain 
hardening recovery, Curt port behavior recrvstal 
lization, and vrain errowth 

he experimental values for primary creep agreed 
fairly closely with the results predicted by the theors 
of exhaustion and generation of dislocations as 
proposed by Mott and Nabarro and moditiied by 
other 

Although the resistance of the nickel to ereep 
increased as the test temperature decreased the 
resistance was especiaily high at a temperature of 
nt) | This high resistance 


combination of strain aging and age hardening and 


attributed to a 


relatively low rate of recovers Che phenomenon of 
strain aging was especially prominent im the ereep 
tests carried ont at 300° | Nonlinear relations wer 
renerally obtained between the tress and secondary 
creep rate when the experimental values were plotte dl 
on log log or st tilog log ot rats bases \oreovet 
the second Stage creep rate Was not a consistent index 
to the duetilityv of the nickel at the beginning of the 
third rare of creep ot at tracture 

Che ductility at fracture was relatively high for all 
creep conditions except for one specimen that showed 
evidences ol brittle behavior lhis specimen Was 
tested at 1,200° F at a slow secondary creep rate 
and it showed a vreneral deterioration at the time of 
fracture Internal disintegration was confined to 


the region of complete fracture in all the specimens 
tested in creep al sO0) 700 or YOO F, and the 
fractures were preceded by appreciable necking 
Cracks of microscopic dimensions were not a pre 
requisite for the initiation of the third stage of creep 

The vield and tensile strengths of specimens 
tested in tension at room temperature increased with 
the amount of prestraining in creep at 900° F 
This increase in strength properties at room temper 


ature was accompanied by a decrease in elongation, 
whereas the total reduction of area was independent 
of the prior-strain history 








The Rockwell B hardness 


each specimen fractured in 


Oo KF increased with nn mcrenuse 


nt room temper rat 


the vicinity of complete fracture 


also observed ma specimen 


high secondary creep rat 


slower rates at this temperature 


creep nt sO) rail 
in deformat 

This tren 

tested at a relat 
at 1.200 KF. but 
the hardnes 


creased as the deformation increased 


ot tracture 
Reervstallization occurred 


im othe 


tured in creep at 1,200° F; in’ ome 


lization was accompanied by 


ever, no evidence of reervstallization was det: 


\ 


rain 


ina metallographic study of all the 


tured in creep at the lower 
fractures appeared to be predominantly transect 


line at 300 700 or 900 


at 1.200° I 


The prior-strain history of 


verv marked effect on the 


and the experimental results again serve to emph 


the importance of controlling the 1 of load 


ereep testing 


second Stage 


I and 


the nickel 
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Separations 


Determination of Nickel, Manganese, Cobalt, and Iron 
in High-Temperature Alloys, Using Anion-Exchange 





John L. Hague, Edwin E. Maczkowske, and Harry A. Bright 





\ 1 given for the determina { eke na i coba anacl it t 
‘ wrature alloy Niobiu anitalur ingsten, and icon are re lered olub 
lrochlorie acid dehydration after solution of the alloy aqua regia Molvbder 
ind copper are precipitated with hydroget ulfide, and the solutio filtered Phe filtrate 
evaporated several times with hydrochloric acid and hvdrogs peroxide to obtain a el 
TI olution of these element nthe proper valence Phe re iit r olutio transferred 
" aniot xchange column containing Dowex-1 The nickel and manganese, with ehre 
i and ! ther element ire collected in the fir frac nbv elu with ON hwad 
chlorie acid ( obalt is collected in a second fraction by elution with 4 NV hwdroechlorie acid 
wd is i third by elution with 1 No hw chlorie acid The coba letermined by 
tro from a weakly ammoniacal chlorice olu nm ¢ i hvdroxviamine ! 
che und the other elements are determined by i } | 


1. Introduction 


The icreased use in recent vears of high-tempera 

« allovs and allovs of controlled temperature 
pansion characteristics has made the problem of 
ermining cobalt, iron, nickel, and manganese in 
pre inble quantities and in combination a pressing 
Some of the difficulties encountered in this 

d of analysis have been summarized by Chirnside, 
Clulev, and Proffitt 
ov of iron, nickel, and cobalt 


in dealing with a ternary 
Many of the alloys 
anufactured today may contain, in- addition, 
appreciable percentages of chromium, molybdenum 
fanium, tungsten, niobium, and other elements 
The problem of obtaining analyses of sufficient 
accuracy for the establishment of standards of com 
position is not an easv one; even the usually simple 
determination of nickel may become quite complex 
n these mixtures [7] \ new approach to the prob 
lem seems needed in order to put Ste hy methods ona 
basis of accuracy comparable to other less difficult 
ombinations 

The present paper describes the application of 
nion-exchange separations to the analysis of high 
temperature allovs. Kraus and Moore [8, 12] have 
shown that nickel, manganese, cobalt, and iron, as 
Wi 


as certain other elements, can be separated 
by selective elution from an anion-exchange resin 
th hydrochloric acid solutions. These separations 
pend on the fact that a number of metallic ele 
nts [10} can exist in aqueous solutions either as 
lions or as complex chloro-anions, the relative 
unounts depending on the element and on the 


concentration of chloride ions in the solution. The 


wt mechanism of the combination (or adsorp 
n) of these complexes with the resin has not been 
ablished, but it may be related to the existence of 
s¢ complex anions in solution as strong acids 

example, iron is probably combined in the form 
a complex anion, such as (H,FeCl,)~, that is free 


bracket roelle t} lite ture referenc t thw rel « tt 
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to compete with the chloride ions for a position on 
the resin column, much as the competition that exist 
between chloride and bisulfate tons [9] Though 
suggested mechanisms are at present speculative 
practical and efficient quantitative separations can 
be made with quantities and volumes commonly 
used in analytical work 

The procedure outlined below was designed party 
ularly with the analysis of an S S16 type of alloy 
in mind After solution of the alloy in aqua regia 
the mobium, tantalum, tungsten, and silicon are 
rendered insoluble by hvdrochlori ne id dehvadration 
The solution is treated with hydrogen sulfide to pre 
cipitate molybdenum and copper, and filtered. The 
filtrate is evaporated several times with hydrochlory 
acid and hvdrogen peroxide to obtain i chloride 
solution of the elements in the proper valence, “The 
resulting solution is transferred to an anion-exchange 
column, and the niekel and manganese, with chro 
Piitinn and SOT other elements, are collected in the 
first fraction by elution with 9 N hydrochloric-aeid 
solution. Cobalt is collected in a second fraction by 
elution with 4 N hydrochloric acid, and iron in a 
third by elution with | N hydrochloric acid \lan 
ganese and nickel are determined in aliquots of the 
first fraction by the persulfate-arsenite titration and 
dimethyvlglvoxime gravimetric methods, respectively 
Cobalt is determined in the second fraction by elec 
trolvsis from a weakly ammoniacal chloride solution 
containing hydroxvlamine hvdrochloride, and tron 
is determined in the third fraction by reduction with 
stannous chloride and titration with dichromate 

The method requires several days to earry to com 
pletion as about 3 hr are required for each of the 
ion-exchange fractionations. The method is not 
intended to replace rapid routine procedures where 
they can be developed for a particular type [8] of 
material, but provides an independent checking pro 
cedure of general application 

rhis alloy contains apy mately 40 percent of cobalt, 20 percent cke 


1) percent chromiun md 4 percent eact niobiu tur t ! lyt 


num. the remainder bets ‘ ol 



















2. Apparatus and Resins 


Che apparatus required for an ion-exchange sep 
| | 


uration is simple consisting of a rlass column to hold 


the resin The column used in this investigation 
illustrated in figure 1, is 1 tn. in internal diameter 
and 12 in. long (s most of these separations require 
several hours, it is convenient to so arrange the 


columns the a number can be operated with mini 


mitim attention Such an assembly is ilustrated in 


solutions necessary for elution are 


fiertire 4 ha 
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delivered by orTrauvit\ flow from bottles placed oO 
top stand through a svstem olf slopcor ks and 
lary 


usable 


Because most of 
that tel 
it is advantageous to ha 


tubing to the columns 


resins are fine-mesh materials 


slow the flow of liquid 


several-foot head of liquid to control thr flow 


The resin selected for these columns was Vt 
100-mesh Dowex-1 with S- of l0-percent « 
linkage The finest and the coarsest material 


removed by settling the resin in diluted hvdroe! 
acid | 1 After several 
decanting the fine and main portions from the co 
fraction, the column ts filled with a slurry of the 1 
portion of the resin to a settled height of 20 to 2 


eve les of 


SUCCES 


equivalent to approximately 75 ¢ of resin \ 
the bottom of the 
retain the resin, and a disk of plastic cloth ts pla 
on top to minimize the disturbance of the resin w 


added 


of glass wool u column serve 


solutions are 


3. Procedures 


' 
3.1. Preparation of the Solution of the Sample for 


Ion-Exchange Separation 
accurately weighed | sample 
Cover the 
3 parts of hydrochloric acid and 


set the 


Transfer an 


H00-ml beaker beaker and add 20 ml of 


aqua regia 
of nitrie acid 
bath until the 
gently until the sample is 
small amounts of carbides and silica 
Wash the cover glass and wall of the 
a little diluted hydrochloric acid (1 19) and evay 
porate to dryness on a steam bath. Treat the 
residue with 10 ml of diluted hydrochloric acid (1 
and TiN well rod. 
evaporate to dryness 
luted hydrochloric acid and the evaporation to di: 
ness four times to nsure the removal of nitric ack 
Finally, add 15 ml of diluted hydrochloric acid (1 
and warm the solution on the steam bath until th 
cake is dissolved Dilute to 300 ml with hot wat 
and pass a brisk stream of hydrogen sulfide through 
the solution for 30 min Let stand for 30 min and 
filter through a close-textured 11-cm paper containu 
a little paper pulp. Transfer the precipitate to the 
paper” and wash with a diluted hydrochloric acid 
34-97) solution saturated with hvdrogen sulfide unti 
the volume of the filtrate and washings ts at least 
150 ml. Transfer the filtrate ane 
bath and evaporate to dryness 


beaker on the side of a stea 
then 
in solution 


reaction ceases, and warm 


exes pt 


beaker wit! 


glass and agai 


with a 
Repeat the addition of ¢ 


warm 


washings to a stea. 

















the residue add tO ml of diluted hwdrochlori 
| | cover the beaker with a watehglass. and 
m Add 50 ml of warm water. and dissolve any 
w on the walls of the beaker by manipulation 


rod 
/ to the ana 
st on a steam bath until reaction stops, then add 
When 
Covel lass and beaker 
to drvme 3s Add 
acid (1 1), warm to 
olve again evaporate to dryness re 

the diluted hvdrochlort ana 
woration to dryness four times 


at solution with i lass 


Add 10 drops of 


covered beaket 


ogen peroxide ; 


ulditional 10 drops of hydrogen peroxide 
wash the 
the 
hydrochloric 


tion has ct ased 
and evaporat solution 
| of diluted 
salts, and 


addition of acid 


hvdrochlorie acid 
until 425 ml of 
the cobalt fraction is obtained, then change the stop 
to deliver diluted hydrochloric acid (1+ 11 

Replace the beaker contamiuung the cobalt with a ¢ lean 
600-ml beaker and follow the procedure outlined in 
Place the beaker 


flow of diluted 
lod to 125 mi ln 


the 


arate of 


Continue 
| >) at 


| 
COCKS 


tha previous paragraph eontamn 


ing the cobalt on a steam bath, and evaporate the 
solution to dryness 

Continus the flow of diluted hvdrochlori acid 
1-+-11), at a rate of 100 to 125 miU/hr, until 450 ml 
of the iron fraction is obtarmed Close the stopco ks 


transfer the beaker to a steam bath, and evaporate 


the solution to dryness 
















Add 10 ml of diluted hydrochloric acid (1 1) to 
residue, covet th beaker, and warm until the 3.3. Determination of Nickel, Manganese, Cobalt, 
on clears. Cool, add 10 ml of hydro hlori and Iron 
and mix well with a stirring rod The solu 
is now ready for passage through the anion a. Nickel 
inge column 
. REAGENTS 
Ion-Exchange Separation of Nickel and Man 
ganese, Cobalt, and Jron Citric acid solutvo 0 gq titer Dissolve 250 ¢ of 
= 1) f dil . hs | eitriec acid in 600 to SOO ml of water, add 20 mil of 
sfer St e . , , 
ister o mi ot dituted hivaroc Norn nel | diluted sulfuric acid | | and dilute to 1.000 mil 
he column in small increments (5 to 10 ml), and ' 
- | with water Filter, if necessary 
tin "I , to , “9 ap r eae! the oon Dimethylalyorime solution 10 giliter of ethanol 
eas 2 I ! thet be ; 4 
Da isina nner in ! op ort the comin ran Dissolve 10 of dimethvlglwoxime inp 1 liter of eth 
the concentrated solution of the sample in small 
Len a , anol, and filter 
a ements (5 ml) to the column with the bottom 
' 
wock open Add the sample as the solution p 
uy 
es down the column until all the sample has been a 
ns : { | avs eC . *s 
em oO the — “0 ivs keep the re - Add 10 ml of diluted hydrochloric acid (1+1) to 
nore \ : - we 
ie ely i eres az ' “ao to ee t a the reserved beaker contaming the first fraction from 
minty alt ockets . ace ne aste 
ition Oo il pocke replace tine wast the ion-exe hange column. and warm to dissolve the 


eaker under the column with a clean 600-ml beaker 
Wash the beaker that contained the sample with 5 
diluted hvdrochlorice 

ing the walls with a glass rod, and transfer the 
ishings to the funnel and column until 10 washings 
The important point is to get all 
the sample solution onto the resin bed. Finally 
h the funnel and the walls of the column above 
resin with several small portions of the diluted 
lrochlori a dropping tube and bulb 


portions of acid (3-4-1 


e be en made 


acid (3+-] 
iseful at this pout 
Place the cap on the column top, lubricating the 
nt with a drop or two of water to prevent air leak 
and clamp. Adjust the stopcocks to deliver the 
ited hydrochloric acid (34-1) from the reservoir 
bottle to the column, and adjust the bottom stopcor k 


the column to a flow rate of 100 to 125 ml/hr. Col 
125 ml of solution, then adjust the stopeocks to 
ver diluted hvdrochloric acid l 2) to the col 
nn. After 15 min the more dilute acid will be 


it half wav down the column, the beaker contain 
the nickel and mangavpese, along with chromium 
some other elements, is then replaced with a 


in 600-ml beaker Place the beaker containing 
nickel and manganese on a steam bath and 
porate to dryness 
; ilfid al It 
1 yt? juired for the tone vcha ’ rut 
ent adjusts the solut to approximately 9 N hydroct 





t acidity t st f the ion-exchange sepa 


residue Dilute to 25 ml with warm water, transfer 
to a 200-ml volumetric flask, policing the beaker well 


Cool to room temperature, dilute to the mark, and 
mix well. Transfer a 50-ml aliquot to a 400-ml 
beaker, and reserve the remainder of the solution in 
the volumetric flask for the determination of manga 
nese 

Add 5 ml of hydrochloric acid and 25 ml of citrie 
acid solution to the aliquot in the beaker. Dilute 
to 100 ml with warm water, and neutralize with 


ammonium hydroxide, using litmus paper as an in 
dicator. Filter the solution ’ through a 9-em close 
textured paper containing a little pulp into a 600-ml 
beaker and wash well with hot wate 

Adjust the filtrate to a volume of 300 ml and add 
an excess of 2 to 3 ml of ammonium hydroxide Add 
0.4 ml of dimethylglvoxime solution for each milli 
gram of nickel (in the aliquot) and then 5 ml in excess 
Digest for 30 min on a steam bath with occasional 
stirring, and room temperature. Filter 
through a weighed 30-ml fritted-glass crucible of 
medium of fine porosity. Transfer the precipitate 
to the crucible and finally wash 4 or 5 times with cold 


cool to 


water Dry the precipitate to constant weight at 
A‘ isu i ! t t 
, apy ae A Rapin ay 
The solution is usual ! hydroehk 
1 used he | ' ' OHI 























150° © Cool in a desiccator and weigh as nickel 
dimethvlg! voxime 
REAGENT 

Sodium hydroxide solution WOO) g/liter Transfer 
(oO ¢ of NaOH to a 250-ml beaker, dissolve in 50 ml 
of water, and dilute to 100 ml 

Yodium bromate 

Vired-ac d solution Add LOO n | ol sulfiurn ne ic 
to 675 mil ot water slowly with ood stirring Cool 
and add 125 ml of phosphoric acid (85°%) and 100 ml 
of nitric acid 

Standard sodium arse le solution 1 ml—0O.4 ma 
of Nin Transfer 4.8 g¢ of AsO, to a 600-ml 
beaker, add 50 ml of water and 6 ¢ of NaOH Stu 
until the oxide has dissolved. dilute to 300 ml with 
water and bubble a stream of carbon choxide into 
the solution until it is saturated with CO Dilute 
with water to 4 liters ina vlass stoppered bottle, and 


mix well. The solution is standardized by titration 


of known amounts of manganese oxidized with 
persulfate 

Silver nitrate solution Sg per it, 

Ammoniun persulfate olutio U0 gs per liter 


This solution is not stable and sho ild bye prepared 
ts needed 


Transfer a 100-ml aliquot of the solution reserved 


from the nickel determination to a 400-ml beaker 
and dilute to a volume of about 225 ml with warm 
water Add the sodium hydroxide solution dropwise 
until the solution is faintly acid, as judged by the 


redissolving of the precipitat Add 3 ¢ of sodium 
bromate and slowly bring to boiling temperature to 
oxidize the chromium from the heat 
make just alkaline with the sodium hydroxide solu 
tion, and then add 10 ml in Boil gently a 
minute or two, and allow the precipitate containing 
the manganese to settle on a steam bath for a few 
minutes Filter the hot solution through an ll-em 


Remove 


CACECSS 


loose-textured paper containing a little paper pulp 
and wash 2 or 3 times with a little hot water Re- 
turn the paper and precipitate to the beaker," add 
10 ml of nitric acid, and mascerate the paper with 


a wlass rod Warm on a steam bath for a few minutes 


until the filter is disintegrated, and add 10 ml of 
water containing a few drops of sulfurous acid 
Digest until the precipitate dissolves, dilute with 


50 ml of hot water, and boil gently a minute or two 
Allow to settle, filter '' through a Y-cm loose-textured 
paper, and wash well with hot diluted nitric 


(5+95 Kvaporate the filtrate to drvness 


Add 30 ml of acid mixture to the dry residue and 
Add 100 


digest until complete solution is obtained 





Iter tive the parm Ive i} thet ' 
Al ‘ pay ' ‘ | ‘ j ‘ he ved ac 


solution and iditior HNO lest the paper. The final nitric 





acid concentratio ie © re 1 

and the sobut hould contain r ’ th ' HNO 
Phe paper 

dissolved it 











ml of hot 10 ml of silver nitrate solution 
10 ml of ammonium persulfate solution sri 
and boil briskly for 60 to 90 se« Coo! 


add 75 ml of 


wate! 


i boil 
lowe I 
titrate 


temperature ol 15° C' or 
with stirring 
with the standard 
first permanent break 


water and potentiometri 


sodium arsenite solution to 


> 
PROCEDURI 


to the co 


f 


Add 20 ml of diluted nitrie acid (1+ 1 
from the 
separation 


second fraction o 
ion-exchange Cover the 
digest on a steam bath until the salts are in solut 


Add 3 ml of perchloric acid, and dissolve any ri 


residue obtained 


bye ake ! 


on the walls of the beaker by manipulation of 
solution with the glass rod. Transfer the beak: 
a hot plate and evaporate to fumes of perchlo 
acid Cool, add 5 ml of nitrie acid, police the w 
of the beaker, and again evaporate the solution 


Repeat the 
Continus 


perchloric acid 
twice destroy the 
heating to volatilize most of the perchloric act 


ny k onic 


fumes ol proced 


more to resin 


to convert most of the salt to 
Cool, add 10 ml of diluted hydrochloric acid 

and warm to dissolve the oxide Add 10 ml of ho 

water, and until the oxide is in 

Remove and wash the covet glass and evaporate tl 


digest solutior 


solution to dryness Repeat the addition of 10 
ol diluted hydrochloric acid | l 
to drvness twice to insure decomposition oft nitrate 


and evaporatio 


Add 30 ml of diluted hyadroe hlorie acid (1 1) to 
the dried residue and warm to dissolve the salt 
Transfer the solution to a 400-ml beaker, washin 
well with hot wate Adjust the volume to about 
150 ml and cool Neutralize the solution by th 
dropwise addition of ammonium hydroxide Ad 
| g of hydroxylamine hydrochloride and stir well for 
minute or two while the salt is dissolving Add 5 
of ammonium hydroxide in excess, and dilut 


approximately 275 ml with water 

Transfer the solution to an electrolysis apparatus 
cover with a split watchglass, and electrolyze o 
night with platinum-gauze electrodes, using a 
rent density of 0.4 amp/dm In the morning 
the and continue th 
electrolysis for 30 interrupting tl 


wasl 
underside of the cover glass, 
min Without 
slowly lower the beaker 


current and at the same 


wash the electrodes with a stream of wate 
the 
Interrupt the current and 
the with et! 


CXCECSS 


time 


Immediately immerse electrodes several tu 


in a beaker of water 
the cathode Rinse cathode 
shake off the 


in an an oven for 


move 
and «dry a 
(‘nol 


and weigh the deposit as metallic col 


alcohol, 
minutes 


alcohol 
10° Cc 


desiccator 


a few 





Nitra nhibit completely | ! t leposition of t 
\ ! I iH t | niet ! 
itralit 

I hw eet 








VF ous Chloride solution 1o0) alite of dilute 
chlor acid | Dissolve LO 6g of 
L.2HLO in 500 mil of diluted hydrochlori: 

necessary Cool and dilute to | 


new 
warming 1 


\\ th wate! 





Vercuru chi i¢ if approd matelyouagd ty 
ware a saturated solution of HeClL in wate 
c-phosphorive acid solution Mix 150 mil of 
' ec acid with 300 ml of water, cool, add 150 ml 
hhosphorice acid (S5O% and dilute to Lt liter with 
\ di phenyla ¢ sulfonate nidicator solution 
\/ Transfer 0.32 of barium diphenvlamine 
onate and O.5 of NawSQ, to a 250-ml Erlen 
flask, add 100 ml of water, and mix well 
: ecunt the supernatant liquid from the precipitated 
‘wr 
BasO 
’ ‘ a pota i hichromate solution O.1N 
— fer 4.904 ¢ of KOCr.O; (National Bureau of 
~ dards Standard Sample 136) to a t-liter volu 
« flasl dissolve ina little water. dilute to thre 
im mux well 
ho PROCEDURI 
tio 
th \ ml of diluted hydrochloric acid (1 1) to 
u heaker containing the dried residue from the 
M101 ‘ Iraction contaming the iron Cover the 
Ue el ana warth until nl cl nl solution Is obtained 
| lo 1) ty oO sbout ar ml with hot wate and ada five 
sults ps of AAIn@O, solution and stu Heat to boiling 
hin boil gently for a few minutes to expel fre 
bout orine Add stannous chloride solution dropwise 
th with good stirring, until the color of the ferri 
Add mricle discharged, and then 1 on drops (no 
1o e) in exes Wash down the inside of the beaker 
71 cover glass, and quickly cool in ice water Add 
e tO ore troke 10 ml of saturated mereurnie chloricd 
on, stir well, and again wash down the inside 
atus he bye aker with cool Wael Allow thr solution 
ve tand for 2 to 5 min 
Dilute to 200 ml with cold water, add 20 ml of 
vasl -phosphoric acid mixture and 4 drops of 
the carol olution Tits ite the reduced tron with 
th indarad potassium cai hromate solution to a cleat 
sam or blue-green end point, which should be pet 
ti nent for 40 sec 
dire 4. Results and Discussion 
vy at The results obtained on a series of synthetic solu 
made to simulate some of the cobalt- and 
halt el-base alloys of interest are given in table | 
Nickel and iron were added as weighed portions of 


high-purity metals added as 
lots of a manganous nitrate solution prepared 


high-purity manganese metal 


Manganese Wis 


and cobalt was 


das aliquots of a cobalt chloride solution 


dardized by 





elec trol, SIS 
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eotmment 


Little 
limits usually 


nickel and manganese values require 


recoveries being wither the 
obtained in conventional methods of analvsis 
Mh cobalt 


! i 


standardized by 


recoveries are based on a solution 
a determination 
the 
pleteness of the recovery in the analytical procedure 
They 


eles trolwty 


electrolysis and on 


finished by electrolysis ana demonstrate com 


do not, however, indicate the accuracy of the 


procedure for the determination of co 


balt To learn something of the accuracy of the ele 
trolvtie deposition method for the determination of 
cobalt n bateh ol approximatels m0 ha of 
Co(NH,)Ch wa pore pared tf} from reagent erac 
CoClL-ohHLo 

The salt was puriiied by precipitating three times 
from diluted hydrochlorie acid (1 10) firmly 
ervstallizing from water, and drving in a vacuum 
desiccator over magnesium perchlorate and soda 
usbesto Weighed portions of ,t05 ¢ were assaved 
by reduction to metal under hydrogen in a Ross 


crucible constructed of Vveor The average of 


involving Zl oe of the alt, wa 


typ 


live determination 


22 041 pereent of cobalt compared tou calculated 
value of 22.046 percent of cobalt based on the 
weight im am of the alt Ihre alt wa apparently 
quite uniform, the individual values all being within 
one part ina thousand of the average Ihe purities 
tion process was also effective in reducing the nickel 


content of the original cobalt salt from 0.08 percent 


to approximately QO<.0O0OL percent of nickel 


Portions of the salt were converted to cobalt sulfate 
by solution in 20 ml of water and 20 ml of diluted 
sulfurie acid (1 1) ana evaporation to fume ('o 


halt was «lk posited electrolytically from ah ammons 
sulfate 
recommended | Ihe 
table 


thre alt in ammonimeal an 


acal ammonium sulfite electrolyte, as usually 


values obtained are given in 


along with similar data obtained by plating 
Pricotiitiin chlorite olution 


contammeg hbvdroxvlamime hydrochloride under the 


procedure The 
electrolyte nre cor 


recommended 
ulfate-suliite 
ulti 
thr cobalt 
The latter correction wa 
aliquot of the electrolyte by the 
method Ihe 


cobalt \ ith 


conditions of the 
from the 
rected for deposited 


deposit 
ulfur, and all depo it 
eles 
made ima surtable 


Nitroso KX photo 


contammed an average 


are corrected for remaming iu the 


trolyv te 
metre electrolyte 


of OS my ol current of OY 


of cobalt with O | 


' 
a plating 


amp/dm’, and an average of 0.6 me 
uimnp dim 


The data cle 


for cobalt eve 


that the electrolytic method 
high value imilar to those 
that thre 


( hloride 


nonstrats 
obtamed 
value obtammed hry 


for nickel [6] and 


deposition fron the solutions are the more 


nearly eorrect The data are typical of approximate ly 
100 determinations [11 


fron aliquots ol 


made under both condition 


chloride solution 


The deposition from chloric solution elt rhitnate thre 


several cobalt 


necessity for making a sulfur correction 


The recovery of iron is not entirely satisfactory a 
shown in table 1, the 
parts in a thousand low 


where the 


values tending to run 5 or 6 


Experiments to determing 
lost im the howed 


thousand lo bye in thre 


iron was procedure 


approxtinate ly one 


part in a 














Traction This loss may possibly be due toa tive for the rapid dete rmination of cobalt parti ularly 


reduction | of the iron similar to that or if rood cobalt standards become avatlabl llowever, 

in the ether-extraction of ferrie chloricdk it should be kept in mind that manganese interferes 
ise ferrous iron ts eluted sufficiently rapidly in | quantitatively in this procedure, and that chromium 
hwdrochloric acid to be collected in the cobalt is a disturbing element and must usually be removed 
on. The remainder was retained by the resin | if present in any appreciable percentage Kurthes 
ould be recovered by elution aiter allowing thre hore the fermevanide method is limited to UP pProar 
to equilibrate a dav with the | N hvdrochlori imately LOO- to 125-me¢ quantities of cobalt if wood 


t 
slightly low recovery of tron appears to be 
vy due to the unfavorable diffusion characteris 
14] in the resin column Qualitative experi- 
using commercially available resins of 1- to 
reent divinvibe nzene cross linkage indicate the 
ion rates to be more rapid at the 2-percent 
vibenzene level. However, these resins expand 
contract so much in going through the analysis 
that the operation of this tvpe ol column ts not 
etive. Further, a longer column is required, as 
mands move much faster under comparable con 
ms of acidity The use of colloidal aggregates of 
higher cross-linkage resins may be the best answet 
quantitative work with this particular type of 
if the resins can be commercially prepared to 
reasonably rapid flow rates (25 ml or more pet 
per square centimeter of cross section 


The results obtained in the analvsis of an S816 


alloy are given in table 3.) The values for nickel 
runes and iron on synthetic control solutions 
atistae tory, and good re plication of values on 
ample is evident, the tron difficulties not being 
us at the percentage level of iron in this sample 


cobalt values at subject to the errors of the 


rolytic method and are probably 0.5 to O.S mg 


’ high us re orded 


mav be mentioned that the ferricyanide titration 


) 


edure [2, 13] may prove somewhat more attrac 


359 


nd points are to be obtamed 
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‘hermal Degradation of Polymers as a Function of 
Molecular Structure’ 


S. L. Madorsky and S. Straus 


W he heated in a vacuum at temperatures of about 200° t M0" CL poly cha 
brea » to volatile fragments of variou lope fit ature f the } yer 
si ey ners, like poly-alpha-methylsty1 \ 1 the t ve iy ry 
mer \ polymethylene, vield a whole spec " f fra ent " f2 carbon at 
! ull »> about 50 or more Intermedia bet wor esc tw tvyn of p er " 
tl ke polyisobutylene, which vield part monomer and part irge fragment Phe 
rat it which these fragments are formed d vaporized also vary for different polymer 
On par rate of volatilization of a seri of polymers at do0° ¢ we find that pols 
tetra woroethylene is the most thermally stable polymer, having an initial rate of volatiliza 
t f 0.0000016 weight percent per minute, whereas poly-alpha-methylstyrene is the least 
table, having a rate of volatilization of 230 percent per minute These difference t he 
thermal behavior of polymers can be correlats { with the molec ar structure of tl " er 
cha und with the nature and frequeney of ke rou 

l. Introduction the study of melting transition of polymethylene 


When heated 1 i vacuum at 
200 to OO 


temperatures of 
polymers usually 


organic 


rade to vield olecular fragments of various 
Some polyrers, like poly-alpha-methylsty 
and polymethyl methacrylate, yield almost 


the mo 
h as polymethy lone 


lusively whereas other polymers 
vield a whole spectrum of 
volatilizable at the temper 
Intermediate between these two 


like that 


Ome! 


olecular fragments 


ires employed 


trees are poly mers poly isobut \ lene 


ld part monomer and part larger fragments 
The rates of degradation are also different for differ 
ent polymers. In the case of some polymers, 


radation by heat, as expressed by loss of weight 


rough volatilizat.on, is almost 
in an hour at 300° C. whereas in the case 
others there is very little loss of welght during the 
une period, even at 450° C The difference in the 
: hermal behavior of polymers has been the subject 


complete in less 
about 


: of a number of papers by various authors in the 
: few vears {1 to 12] 
In this investigation a systematic study was 


iated to determine the effect of molecular struc 
of chains and side-groups of polymers on the 
ate of their degradation and the nature and relative 
amounts of the volatile products obtained when 
ese polymers are heated ina vacuum. The follow 
polymers were used 
\ pure grade of polymethylene, 


high molecular weight prepared by the decom 
ition of diazomethane, using trimethyl borate as 
talyst. This material is the same as was used in 


work was performed as 
‘ Facilities Corporation, 
pment Division, Polymer Science 


1 part of the research project sponsored by the 
Office of Synthetic Rubber Research and 
Branch 


ires in brackets indicate the literature references at the end of this paper 
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113). Unlike polyethylene, this polymer consists of 


a nonbranched hvadro« arbon chain 


2. Polvisobutyvlene 


of high purity was obtained by repeatedly dissolving 
the commercial polymer in benzene and precipitating 
with methanol lt 
1,500,000 

o> Polypropylene 


had a molecular weight of 


as determined by light-scattering 


\ 90-g¢ sample of number-average molecular weight 
of about 5.000 was reduced to 6 ¢ of a higher molecu 
lar weight material by steps. In 
each step the material benzene 
and then pres ipitated with acetone 

1. A pure grade of polybenzyl,' 


six fractionation 


was dissolved in 


he authors are indebted to C. M. Fontana, Socony Vacuum ¢ , for supply 
ing th polymer 
* The authors are indebted Daniel I. Livingston, Polaroid Corporation, for 


this polymer 








of molecular weight of 4,300 
mined eryoscopically 


Polv-beta-deuterost vre ne 


LU percent, as dete! 


oi 


molecular weight 220,000 by light-scattering. The 
same material was used by Wall, Brown, and Hart 
14] in their studies on pyrolysis of alpha- and beta- 
deuterostvrene polymers The monomer used in 


the preparation of this polymer contained about 15 
percent of normal styrene 


5b. Poly-beta-deuterostyrene of much higher mo- 
lecular weight than 5a. The monomer used in its 
preparation contained only a few percent of normal 
styrene. 


2. Apparatus and Experimental Procedure 


The work described in this paper was carried ou 
in two parts: (1) pyrolysis of polymer samples and 
fractionation of the volatile and (2) a 
study of rates of thermal degradation and the acti- 
vation energies involved 


products, 


2.1. Pyrolysis 


Pyrolysis experiments were carried out on poly- 
methylene, polypropylene, polybenzyl, and_poly- 
beta deuterostyrene Pyrolysis of polyisobutylene 
has been studied and described [5]. The apparatus 
consisted of a Dewar-like molecular still provided 
with a platinum tray resting on a platinum-wire- 
wound heater placed inside. This apparatus and the 
experimental procedure have been described [1, 5, 6] 
Only a few salient points of the procedure will be 
recounted here The samples were limited 
maximum of about 40 mg to avoid spattering that 
might if larger amounts used. Poly- 
methylene and polybenzyl were used in powdered 
form, polypropylene and poly-beta-deuterostyrene 
In either case the samples 
were preheated in a vacuum for about 1% hr at 160 
C, and the volatiles were rejected before starting 
In all experiments if took 45 min to heat 
the to the pyrolysis 
temperature then main- 
tained 5 deg C for 30 min 
The following fractions were obtained: A residue. I. 
except when pyrolysis was carried to completion; a 
heavy fraction, II, volatile at the temperature of 
pyrolysis; a light fraction, III, volatile at 
temperature In some cases fraction III 
separated by molecular distillation at —80° C 
a more volatile fraction, IILA, and a less volatile 
fraction, IIIB. <A fraction, IV, not 


densable at liquid-nitrogen temperature, was also 


to a 


occul were 


as solutions in benzene 


py roly SiS 
the tray 
temperature 


containing sample 


This 


to about +1 


was 


constant 


room 
was 
into 


raseous 


con- 
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collected The weights of all these fractions w 
determined directly indirectly Fraction 
was tested for average molecular weight by a mu 
Fracti 


or 


cryoscopic method in a suitable solvent 
111, IWIA, and LIB were analyzed in the 
spectrometet! Fraction IV amounted in all e; 
to less than 0.1 percent by weight of the sam; 
and was found on mass-spectrometer analysis 
consist of a small amount of hydrogen mixed 
air, carbon dioxide, and carbon monoxide 


2.2. Rates 


Rates of degradation, as expressed by loss 
weight of polymer samples when heated in a vac 
were determined by means of a very sensitive tu 
sten helical-spring balance. The method and 
apparatus used in this part of the work have 
been described [7, 8, 9]. Samples were limited 
5 to 6 mg and were used in dry state, after preheat 
for several hours in a vacuum of about 100 mm 
i7s* C weight, in order to elimi: 
traces of solvents 


to a constant 


3. Results 


3.1. Pyrolysis 


Results of py rolysis experiments at various t¢ 


peratures are shown in table 1 Fractions I, I] 
and III add up to 100-percent material balance: 
because the gaseous fraction, IV, is very smal 
Polymethylene, like polyethylene, yields mostly 


fraction II Polypropylene and polybenzyl 4 
: ; poly ‘ 








more of fraction III and less of fraction II thar 
polymethylene Low and high molecular weight 
poly -beta-deuterosy trene (5a and 5b \ ield a fract on 
II] equal to 42.2 and 41.0 percent, respectively 
the total volatilized part, about the same as in thy 
case of polysty rene 

Mass-spectrometer analyses of fraction III o 
IILA are shown in tables 2, 3, 4, 5, and 6. In th 
case of polymethylene, fraction II] was separated 
into IILA, comprising 20 percent, and IIIB, 80 
percent, of its total weight. This was done in order 
to facilitate mass-spectrometer analysis. As seer 
from table 2, the components of IIIA consist of 


saturated and unsaturated hydrocarbons up to and 


Fraction IIIB was al 


including six carbon atoms 


analyzed in the mass spectrometer and was found to 


contain similarly saturated and unsaturated hy: 
carbons, but of 7 to 12 carbon atoms 

On comparing table 2 with table 14 of refere: 
[5],° which shows the mass-spectrometer analysi 
fraction IITA from polyethylene py rolysis, we 
that in the case of polymethylene this fraction 
about twice as many double bonds as the corresp: 
ing fraction from polyethylene 

Polypropylene, like polymethylene, yields a | 
number of constituents in fraction III, and 
fraction was therefore separated into subfract 


IITA and [11B in the weight-percent ratio of 25:74 


In th 
shown 


s reference the ratio of IIIA to IIIB fraction for polyethylene 
his ratio is the same (20:80) as for polymethylene. 




















spectromete! analysis of IITA is shown in 
ior three experiments There is some dis 


ment in the analvsis of this fraction from the 


| 


experuments much more so than in the case 


lvmethvlene reported In table 2 This dif- 
does not seem to be due to a temperature 


It is most likelv due to experimental error 


Tal Py 











Hetn ite " “8 “iS 


Ih t i 


when dealing with quantities of the order of 1 mg 
taken to separate 
fraction II] into subfractions by molecular 
distillation was only 2 min \ slight difference i 
the time from one sample to another might cause 
a difference in the composition of fraction TILA or 
L1IB 


in the mass spectrometer and was found to consist of 


Kor example the total time 


two 


In some experiments, 111 B was also analyzed 


saturated and unsaturated hydrocarbons containing 
Oto 12 

In the case of polybenzyl, an attempt to separate 
fraction III into TILA and TIITB showed that all the 
material appeared in LILA. For this reason fraction 
Ill was analyzed as such. Mass-spectrometer 
analysis of this fraction is shown in table 4. The 
benzene If 


carbon atoms 


main constituents are toluene and 


polybenzyl were to have the structure then it should 








yield on pyrolysis stilbene as one of the volatile 
This compound was absent in fraction 
III. The vapor pressure of stilbene is given as 1 


produ ts 


mm at 87.4° C for the eis- and at 113.2° C for the 
trans- variety [15]. After fraction II] vas separated 
by distillation at room temperature from the volatile 
products, another fraction collected under 
conditions of molecular distillation at 80° C. This 
fraction, as shown by mass-spectrometer analysis, 
toluene and benzene, but no 


was 


contained traces of 
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stilben Another argument against the 


tructure is the high thermal stability of polybx 
as shown below It is concluded on the ba f 
these facts, that the chain structure of polvber 
Haas, Livingston, and Saunders [16], on the ba 
infrared \-ray chemical, and other evid 
sugvest the following as a part of the struet rT 


poly benzyl 


Poly beta-deuterostyrene, like polystyre ne po 
alpha-deuterostyrene, and poly-meta-methylst yren 
5, 6], yields a fraction I1] not separable into ILA 
and IIIB. Mass-spectrometer analysis of fraction 
111 for polymers 5a and 5b is shown in tables 5 and 6 
The appearance of normal styrene among the con 
ponents shown in table 5 is due to its presence in 
the polymer 

Results of molecular weight determination of fra 
tion II from pyrolysis of four polymers are shown in 
table 7. The values for polvethylene and polyiso 
butylene were given in a previous publication |) 
and are shown here for comparison. Poly-beta 
deuterostyrene yields a low-molecular-weight fra 
tion II, and, as in the case of the other polystyrenes 
this fraction consists most likely of the dimer, trimer 
and tetramer. These compounds have molecular 
weights 210, 315, and 420, respectively, as compared 
with the average molecular weight of 318 for fraction 





eight oJ fraction Il obt n 
the pyrolysis of polymers 


molecular 


Tasie 7 rerage 


\ 
Polymer Solvent ‘ 
Polyethylene Ben zene 
Polymethy lene Camphor 
Poly propy lene Cyclohexane 
Polyisobuty lene do 


Hen zene 
Cyclohexane 


Poly benzyl 
Poly-beta-<deuterostyrene (5b 
















































Rates and Activation Energies of Thermal | percentage residue at any given time is shown plotted 











uy Degradation against time in the broken lines in the tour figure 
on " These lines are straight except ior a shielht break in 
I firures 1, 2, 3, and 4 the solid curve represent the early stage of vaporization of thre samples Thi 
of percentage volatilization versus time at 4 to | break occurs anywhere between 0 and 100 min from 
ferent temperatures for polymethyvlene, poly the start of the experiment, and may be due to dis 
eee viene polyisobutyle ne and polybenzyl respee turbances of operation in the early stage or to some 
\ All these curves show that at zero time, | to | mechanism of initiation of degradation different from 
cent (lor polypropylene up to 7 percent) of the | that operating during subsequent degradation, or to 
le has already volatilized This is due to the both of these causes combined The slope of the 
vi ul that it usually takes about 15 min to heat the mam part of each line, when multiplied by 2.308 
le ble contaming the sample from room tempera represent the rate constant of volatilization of any 
to the temperature of operation. During this | of these polymers at the given temperature [17] 
depending on the temperature of operation, | The initial rates are obtained by extrapolating the 
of the material volatilized, and zero time indi maim parts of the broken lines in figures 1, 2, 3, and 
on the figures ts the time the required Lemipera t, to zero time and are the same as the rate con 
vas reached Logarithm to the base 10 of the stant 
2 
Do 
stvrenm 
o ILA 
raction 
puna b " 
e cor Fiagurt t/ ! eqgrada n of polymethylene 
ne ! Ficure 3. 7 ] ior / 
of trae 
own im 
oly “) 
1oOn 
v-beta 
t trac 
vrenes 
trimer 
ler lar 
npa ed 
raction 
A 
ME FROM START OF EXPERIMENT . MINUT 








legradation of polypropylene Fiaure 4 Thermal degradation yolybenzyl 


i 


vota 




















5 the curves of volatilization 
poly beta-ce ULeroOsLV rene 
polvstvren and poly alpha due 
points of inflection. The 
> for the logarithm of percent 
esidue plotted against time are curved and could 
be used for 


nerure 
ted against 


percentage 
time fon 

just as for 
wstvrene |7, S| 
cen lines in figur 


show 





calculating the rate constants 
wever, the initial rates are abtained by extra 
iting the straight parts of the curves shown in 
re 6 These lines were obtained by plotting 


of volatilization expressed Ih percentage ofl 
percentage of volatiliza 


done in the case of polystyrene 


adue pel rrviratite Versus 


ns Was and 
v-alpha-dueterostvrene [7, 8] 

| \perume ntal conditions and results of rate studies 
table S table S, the 
at which the break 
experiment 
riven in ¢ 
calculated from 
Arrhenius’ equation [7] 
shown un the last 


In column 5 of 
in minutes after the start 
for each rate 
initial 


hown in 


he broke I line 
li The 


activation 


;wCcUrs IS 
tumn 6 
the ini 


rates are 
energy Was 
rates by means of 
1 hese activation 
umn of table 8 


echeryvics are 


4. Discussion 
the basis of 
radation of 
ner the past 
iwn as to the mechanism of this type of degrada 
1 It was found in the case of polvethvlene 112] 
it even at below 


On experumental data on thermal 
polymers that accumulated 


Some COL lusions can by 


have 
few vears 


which 
a drop in 
tukes place In 
14], poly-alpha- and poly 
eta-dueterostyrene [14], polvisobutylene [18], high 
olecular weight polymethyl methacrylate [19], and 
polymethyvlene [10], it found that at tempera 
tures at which volatilization of the degradation 
oducts takes place, a more or less rapid drop in 
weight of the polymer 


those at 
volatilization occurs, 
the polymer 
ase of polystyrene {7 


temperatures 
preciable loss by 
weight of 





olecular 


| ( 


wis 


molecular 
iring the first few 
ore gradual drop 


takes place 
followed by a 
This initial decrease in mole« 
influence of heat may be due 
» the presence of weak links caused by some foreign 
ments or groups of elements, such as O, Os», and 
OH, which become incorporated in the chain during 
ivmerization [4] Such an assumption is legit 
very difficult to any 

lvmerization in the absence of foreign materials 
The pattern of breakup of polymers, beyond the 
varies with the nature 
the polymer and the nature and frequency of side 
Ups \ free-radical mechanism for the depoly 
enzation of poly mers has been proposed by Simba 
Wall, and Blatz [20], One of the important steps in 
mechanism is intermolecular abstraction of 
lrogen by \ free radical, which is 
med initially through thermal breaks of the chains 
through some other mechanism, abstracts a hy 
reu from a polymer chain with which it happens 
come in contact 


losses, 


percentage 


weight under the 


ite because it is earry out 


tial stage of degradation 


free radicals 


This free radical becomes satu- 
din this action; the chain from which the hydrogen 
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breaks, the case of 


mm the 


was abstracted 
polymethyvlene 


for example, in 


following manner 


i il H 
( { ( ( . 
i i i Hl 
i i i i 
( ( ( ( 
iH i il | 
H H H 
I I ? | 
( Cc. ( Cc 
H \ H l H Jf | H l 
if es ‘HH + | bY H 
( Cc Cc Cc 
] | | | 
H H H H 


\ double bond thus forms at chain end at the 
free radical at the other llowever, in 
stead of going through the step of abstraction, a free 
radical may break up into monomers 


break and a 


H H i H 

; | 

Cc Cc ; © 
H / H /ZIX H VIX 
IA H \] H\IA H \] 
Cc ( Cc i ( —? 
| l l l 
H H H H 

H H H 

| | | 

Cc Cc Cc 
H \ H J/IX. H l H 
| 7 H \ I, H \|- +H | 
C Cc ( C, ete 
H H H H 


free 
the 
for abstracting hvdrogen, 
presence of hydrogen atoms susceptible 
The re- 


structure 


As to which of these two modes of reaction a 
radical will follow depends on two tactors: (1 
reactivity of the 
and (2) the 
to abstraction along the polymer chain 
activity of a free radical depends on its 


radical 


H R 
Thus, r¢ for example is more reactive than R¢ 
il i 


2) As to the susceptibility of hvdrogen on the 
chain, one attached to a tertiary carbon ts more sus 
ceptible than a hydrogen attached to a secondary 
carbon in the chain 

Another mechanism of depolymerization can be 
visualized [S8, 21] if we assume that a thermal break 
ina chain takes place simultaneously with an 
molecular transfer of hydrogen from the 


intra 


“ine chain 




















at the point of ihe breal Thus taking again 
poly methvlene as an « sample 
H H H 
Cc C+ Cc 
H /\|\. ul H . H 
| H H H | 
Cc ( Cc Cc + 
H H H H 
H H 
| | 
Cc CH 4 C 
sth! © / H | H 
ae H | H\| 
c c ( Cc g 
| 
H H H H 
resuiting in one saturated and one unsaturated end 


In the case of poly 
polyvinvlevclohexane 


in the two parts of the chain 
polvethylene, o1 
wher supply of 
attached to ¢ arbons im the cham or im the side groups, 


methylene 
there is a large 


hydrogen atoms 


thermal breaks, proceeding as above will result in 
the formation of large fragments, so that most of 
the volatiles from thermal degradation will be in 


fraction I] Fon 
methyl methaecrvlat: ol 
where all ol th 
stituted by methyl groups or fluorine, thermal breaks 
formed at the break These 
radicals proceed to break into monomers by a chain 
As 4 result f the 
Between th $ 
polvisobutylene 


poly alpha methylstvrene poly 
polytetrafluoroethylene, 
sub 


some or hvdrogen ntoms al 


result in two radicals 


volatiles are found 


reaction Host 
in fraction Ill 


polymers like 


extremes are 
vield part 


Iwo 
whit h 
monomer and part large fragments 

The fact that free in the case of poly- 
methylene, for example, do not yield an appreciable 
is explained by Simha, Wall, 
rate of transfer as 
formation In 
the mechanism of breaks, invelving intra- 
molecular transfer of monomer in thermal 
degradation of polymethylene is evident from the 
the thermal which the 
radicals become immediately saturated 

In table 9 the vield of fraction III 
weight and mole pereent tor 13 polymers 


amount of monomet 
and Blatz as 
compared to the rate of 


due to a higher 
Ono me! 
thermal 
scarcity 
nature of scission in free 
is shown in 
Four of 
these polymers have been studied in the present 
work; These 
polymers are arranged in two rroups In the first 
polymethylene groups, poly- 
ethylene has side groups, or branches, at infrequent 
intervals, polypropylene has a hydrogen on every 
other carbon in the chain replaced with a methyl 
group, polyisobutylene has both hydrogens on every 
other carbon replaced with methyl and 
polytetrafluoroethylene has all hydrogen atoms 
replaced with fluorine. Polymethylene and_poly- 
ethylene yield the smallest amount of fraction III 


the rest were investigated previously 


group, has no side 


groups 
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raate Oo ) ij al monome ” n he 


This amount is the same for each polymer For the 
other polymers of this group 
increase of fraction II] with increase of the numb. 


It should be point 


there Is &@ progressive 
of replaced hydrogen atoms 
out here, in connection with polytetrafluoroethylen: 
that when hydrogen and fluorine are both present on 
the « hain, there is a tendency for some of the hvdro 
gen to combine with fluorine to give HF [9] 

In the second group of polymers we find poly 
vinvleyclohexane only a little 
fraction III than polymethylene or polyethylen: 
Although here every other carbon in the chain has 
evelic group replacing hydrogen, the eveli group 


yielding more 


itself has hydrogen available for abstraction during 
that there is little chance for 
monomer formation. Polybenzyl, judging from the 
fact that there was no stilbene in the volatile products 
and that it has a high thermal stability, should ha 
a structure in which the chain consists alternately o 
a phenyl and a CH, group, as pointed out befor 
Abstraction ia such a polymer is difficult 
thermal breaks should result in forma 
tion of the other hand, it is har 
to see how a monomer could form from a free radical 
end in polybenzyl. The 31 mole percent of fraction 
III actually formed in the pyrolysis consists mainly 
of toluene and benzene and of a small amount of 
xvlene All these compounds require hydrogen 10 
their formation, and this hydrogen must come by 
stripping the chain somewhere. Actually, the resi 
due varied in color from light brown to almost black, 
depending on the extent of degradation 
Polystyrene, poly-beta-deuterostyrene, poly-meta 
methylstyrene, and poly-alpha-deuterostyrene a 
vield considerable amounts of monomer. Although 
these polymers have the same amount of hydrogen 
atoms on the chain as polypropylene, the yield of 
monomer is much greater here, particularly if w 
consider the fact that fraction ILL for polypropyl 
from table 3, has very little monon 
whereas for polystyrenes it is almost all mono 
(tables 5 and 6 and references [1, 5, 6]). Apparer 


a thermal break, so 


and as a 
consequence 


monomers On 


as seen 














rinited 
vlene 
nt on 
varo 


Pory 
re oO 
ylene 
has a 
Lroup 
uring 
eo for 
n the 
ducts 
have 
ely of 
elore 
las a 
ria 
hare 
udical 
tion 


} 
beeiTaiy 





t affect the monomer yield; substitution of a hydro 
on the phenyl group with a methyl group in 
ises this vield; substitution of an alpha-hydrogen 


th deuterrum increases the monomer vield con 
rably When the alpha-hvdrogen is substi 
ted with a methyl group, the monomer yield 
whes 100 percent. Hydrogen on the tertiary 


bon (alpha-position) is more susceptible to trans- 


than that on 





carbon 
and blocking the alpha-position with a deuterium 
tom or with a methyl group favors the formation 
of monomer at the expense of dimer, trimer, o1 
In polymethyl methacrylate the monomer 
the only volatile product of degradation. Steri 
mirance caused here by the ester group, and blo« k 
of the alpha-hydrogen with a methyl 
xluce the same effect on monomer yield as in the 
e of poly-alpha-methylstyrene 
lable 10 shows a series of 13 polymers arranged in 
order of rates of thermal degradation at 350° C 
of these polymers have been the subject of the 
sent investigation the others were studied pre 
ously [7, 8, 9] Actually, the rates of only a few 
vmers were measured at 350° C; the other 
studied at temperatures either below or above 


a secondary beta-position 


ramet 


group, 


C In these latter cases the rates correspond 

to 350° C were calculated from the actual rates 
asured at other 
\rrhenius’ equation 


temperatures, by means of 


in the form of 
| l 
KE ( ni ) oa 
a oe 


rates, m 


log } 
ere hy and kh. are percent, of original 
iple per minute at corresponding absolute tempet 
ires 7; and 7, R is the gas constant in calories 
i is the activation energy, in calories 
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phenvl vroup beca ise ol ster hindrances the present paper ana tabl 2 of retlerenes S| The 
ces the tendency of the hvdrogen itoms on the cates that this fraction consists chiefly of the dimer 
n to transfer mtramolecularly during a thermal | trimer, and tetramer As pointed out in a previous 
on lhis results im an imereased§ vield of paper [|S], the dimer, trimer, and tetramer could 
ome! Mh low average molecular weight of form, along with monomer, in the same chain rene 
tion Il from these styrene polymers (table 7 of | tion, at a free radical end, as follows 
H H H i H H \ 
| | ; j \ 
-C C c Cc c 
| H /| H YIN Hu 4ENG i I\ 
ANY ANY H\|/ H \/7 H | 
Cc Cc CG i Cc C so ——— 
| | | | 
cd ? |; a ¢ 
H H H H H 
| | | 
eee C C Cc Cc C 
ING SN, /iN H IX /iIN_ A 
H \/ i IA H\ +H QA \] 
; Cc Ce Cc CH 
| | | | 
Ca o> $ ¥ ¢ 
Dimer 
Substitution of a beta-hvdrogen with deuterium does Polymer chains when heated tend to break at 


their weakest points. The strength of a C -C 


bond in a chain follows the order given below 
C 
| 
oes CmeC€.-->--- C=C=C - > Comm lwmet . . . 


the bond shown as a heavy line being the one under 
Thus 
in bonds adjacent to a tertiary or quaternary carbon 
in the chain 


A bond in the beta position to a double bond in 


consideration breaks will occur more readily 


is another source of 
An abund 
facilitates saturation 
during a thermal 
hvdrogen atoms on the chain 
this 
vreatel 


the cham or in its side yroups 
weakness in a C—-C’ bond in the chain 
chain 


formed 


hydrogen on a 
free radical ends 
When all the 
are replaced with fluorime 
does not take place due to the 
the C—-F bond as compared with the C 

Viith these considerations of bond 
mind, we find in table 10 that poly tetrafluoroethyvlene 
is the most the rmally stable polymer Next to this 
polymer is polymethylene, which has only secondary 


ance of 
of the 
break 
Saturation 
strength of 
HH bond 


weaknesses in 


atoms 


carbons inh the chain and “un abundane c of hydrogen 
atoms on. the Polyvbenzyvl 
position below polymethyvlene in this table At a 
temperature of about 400° to 420° C, polybenzyl is 
actually stable than polymethylene, but 
activation than in the 
the Position is reversed at a 


carbons occupies it 


more 
because of a lowe 
case of polymethylene 
lowe! temperature The pla ivi group which is here 
a part of the chain, seems to impart stability to it, 
perhaps through resonance Polyethylene has an 
abundance of hydrogen on the cham and a few 
tertiary lts position in the series is next 


energy 


carbons. 








Next 


to polymethylen ana polybenzyl comes 
polypropylene with every other carbon in the chain 
of a tertiary type Next un the series are poly beta- 


deuterostvreme poly alpha deutero 


every 


polystyrene 


stvren poly-meta-methylstyrene, with 


ana 
other ( , 


arbon being of a tertiary tvpe and every bond 
the phenyl 
every other 


in beta-position to a double bond in 


group Polvvinvl cyclohexane 
carbon in the chain of tertiary typ and an 


with 
abundance 
of hydrogen available for transfer 
polystvrenes. Polyisobutylene 
both 

quaternary 


OcCcUuples a position 

and 
othe 
COTLLE 


between two 
polymethyl methacrylat 
carbon in the chain of 

next, with verv high rates 
poly alpha methvistvrene 
in the chain of the quaternary type and every bond 


hav ing every 
type 
Finally 
carbon 


the 
of volatilization 


with every othe 
in the chain in beta-position to a double bond in a 
phenyl group, is the most thermally unstable polymer 
of the 

Thus, we see from a study of a number of polymers 


scries 


that the pattern of their thermal degradation, the 
types and relative amounts of the volatile products 
produced in pyrolysis, and their stability in a 


200) 
structure 


vacuum, in the temperature range of about to 


500” are funetions of theu 
and ol the kind ana tre quency ot src groups. 


molecular 
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Some Properties of Strontium Hydroxide and Its 
Monohydrate 
8 
Elmer T. Carlson 
0, 
; St tium hydroxide, Sr(OH was prepared by hydration of strontium oxide ler 
pre re at 400° C lhe monohydrate was prepared by hydration of the oxide at 168° C. and 
ilso by evaporation of a boiling solution of rontium hydroxide. Optical properti and 
X-ray powder diffraction patterns are giver 
l. Introduction Ssr(OH The ervstals averaged about 20 «2 in 
one diameter, but were somewhat rounded and irregular, 
P ontium hvdroxide. in the form of its octa so that the ideal shape could not be determined 
D ite, Sr(OH),-SH.O, is a substance familiar to | They appeared to be in the form of relatively thick 
75, chemist Various lower hvdrates have been plates The crystals described were prepared with 
. ilated from time to time. but there seems to be a moderate excess of water in the bomb Reducing 
e evidence of the existence of any except the the water to the stoichiometric quantity resulted in 
monohwdrate. Sr(OH).-H.O. Dehvdration studies | crystals that were much smaller but of the same 
everal investigators [1,2,3]' give fairly definite | composition. ‘The optical properties are as follows 
concerning the dissociation of the octahydrate | Refractive indices, a= 1.588, 8= 1.599, and 1.610 
und of the unhydrated hydroxide character, biaxial; sign, positive; and optic axial 
: Equations relating the dissociation pressures of | angle 2V, nearly 90 
rontium hydroxide and its octahydrate to tempera- Hydrothermal treatment of strontium oxide at 
ie are given by Tamaru and Siomi [3]. From | 168° C, in the presence of a slight excess of water 
these equations the temperature at which the disso resulted in a product having 1.95 moles of 1,0 per 
on pressure reaches 760 mm is calculated to be mole of SrO, approximately the composition of 
Sei. 5 Y° C for Sr(OH).8H.O and 701° C for Sr(OH Sr(OH),-H,.O. The erystals were larger than those 
hape of the dissociation curve indicates that a deseribed above but quite irre gular in shape The 
hydrate exists, but its dissociation temperature indices are a= 1.570 3 1.589, and 1.10 
‘t cleariv defined character, biaxial; sign, positive; and 2V_ nearly 
in view of the amount of work done on Sr(Ol o0) The similarity in optical properties points to a 
ts monohydrate, it is somewhat surprising that close relationship between the hydroxide and its 
ere appears to be no published data on the optical | monohydrate, which is borne out by the similarity 
properties of these compounds. X-ray diffraction | of the X-ray patterns 
patterns were published by Hiittieg and Arbes [1] The monohydrat was also obtained by low 
} n such form that thev are verv difficult to evaporation of a saturated solution of strontium 
late in terms of interplanar spacings or even hvdroxide at the boiling pout Many of the large 
eas a basis for identification crystals were in the form of hexagonal prisms 
In connection with some hydrothermal studies of | although it is evident from the optical properties 
tium compounds, it was necessarv to be able | that the symmetry cannot be truly hexagonal. The 
to identify the various forms of the hydroxide preparation, when dried at 110° ©, lost weight 
\ccordingly, the hydroxide and its monohydrate | equivalent to 1.23 moles of water At 900° C it 
e prepared, and their more useful identifying | lost an additional 1.02 moles, corresponding to con 
properties determined version to SrO. The loss at 110° C is evidently duc 
to the expulsion of the 1 mole« ule of water of hydra 
2. Procedure and Results tion, the small excess presumably resulting either 
from entrapped moisture or from the presence of a 
Strontium carbonate, reagent grade, was heated small amount of the octahydrate. Most of the 
it 100° C to convert it to the oxide The drv precipitated hydroxide adhered tenaciously to the 
was then exposed to water vapor in a pressure flask, and there was mi roscopie evidence of reaction 
li, b at 400° C for 3 davs The product was a dry with the glass, with the formation of minute crystals 
powder containing 0.98 mole of water per mole of ol strontium silicate hydrate (3S5rO-25i0,-41H1,0) [4] 
SrO, closely approximating the composition of The fact that strontium hydroxide monohydrate is 
= . formed under these conditions indicates that it is 





the stable phase at the boiling point 














diffraction for 


X-ray 


compounds 


thy 
These wert 


powdel patterns 


ure vivehn iable l 


with an X-ray Geiger-counter diffractometer 
copper Kae radiation. It may be noted that 
two patterns are quite similar, especially in th 
of the larger spacings 


3. Summary 


Strontium hydroxide and its monohydrat 
been prepared 


mined The refractive indices are for Sr(Oll 
a= 1.588, B=1.599, and y= 1.610; for Sr(OH),-H.LO 
a=1.570, B= 1.589, and y= 1.610 Both are biaxial 
positive, with 2V near 90 X-ray diffraction 

~ terns are given 

The author acknowledges with thanks the a 
ance ot G M Ugrini who prepared the X ny 
patterns, and A. Van Valkenburg, who checked th 
refractive indices 
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Refractivity Measurements on Canada Balsam by 
Interferometry 





James B. Saunders 


The Ti of refraction of three dilere 
! a different source, was measured fo 
i of the Fabry-Perot interferometer 
Ww fie the method of coincidence (or method « 
t! films of the iaterial being tested Hig! 
t ltof produced in films of ieee 


1. Intreduction 


The increasing requirements for precision optical 
wls have expanded the need for more precise 
easurements on the refractive index of opt al 
ements. The author wus faced with this problem 
n the design of a “Késters interferometer’, in 
which a film of optical cement appears in one of the 
component light beams. If white light is to be used, 
is was desired, the film of cement should be com 
pensated for This ts easily effected if the Lwo 
prisms, required for this instrument are made of 
glass that has optical properties similar to the cement 
used to bind them together In order to select a 
suitable glass-cement combination it is necessary 
that the optical properties be sufficiently well known 

lhe basic principle used for these measurements 
is the determination of optical and geometrical 
thicknesses of a nearly parallel film by interference 
of light. This method of measuring refractive 
indices was selected because of its convenience and 
applicability to the measurements of indices for the 
many spectral lines desired. It is suitable for all 
transparent liquids as well as other materials that 
may be molded into optical films or wedges. Fair 
accuracy is obtainable on thin films, such as those 
usually used for cementing optical elements, and 
increasing accuracy is obtainable with films of 
increasing thickness. Several spectral lines are 
used for applying the “method of coincidence’ ,’ 
and values are obtained for each of the lines used 
An accuracy of five in the fourth decimal place of 
index is obtainable with a single-specimen assembly, 
forming a film 0.1 mm thick, if the sample is com- 
pletely unknown. An increase over the above- 
mentioned accuracy, by a factor of one hundred, is 
obtainable with a second specimen, if a most favor- 
able choice of film thickness is made and tempera- 
tures are sufficiently well-controlled. The prepara- 
tion of a sample that is completely unknown differs 
somewhat from that of a sample known to an 
accuracy of one or better in the second decimal 
place of index. If an accuracy exceeding five in the 
fourth decimal place is desired on an unknown 


Werkstatts Technik und Werksleiter 2, 23 (1938 
\. Perot and Chas. Fabry, Méthodes interférentielles pour la mesure des 
epaisseurs et la comparison des longuers d’onde, Ann. chim. et phys. 16 
Sug 
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my tf Canada balsam, each obta at 
rle« pectra the \ ! rang by 
tr ent pern al te measureme 
wt fraction ppl ito fr ‘ produced 
wcuracy may be obtained by applying t 
vely crea net i} ‘ 


sample two or more specimens are mounted con 
currently to insure homogeneity of index from one 
specimen to the other. The ultimate accuracy 
obtainable by this method is limited chiefly by 


mperature control, variations in index among the 
' assembled specimens, and the accuracy of 
the wavelength of the light used. Temperature 


appears to be the dominant factor 


Seve; 


2. Method of Test 


2.1. Temperature Considerations 


A change of 1 deg C in the temperature of Canada 
balsam produces a change of from 2 to 5 (depending 
upon wavelength) in the fourth decimal place of re 
fractive index, The temperatures of the specimen 
varied between 26° and 28° C, but were measured 
to better than 0.1 deg C and the results corrected 
to 27° C Temperature coefficients, sufficiently ac 
curate for applying the method of coincidence, were 
obtained for a few spectral lines by observing the 
changes in orders of interference for measured tem 
perature changes. The coefficients used in comput 
ing the final results, however, were values resulting 
from a statistical analysis of all the data 


2.2. Mounting of Specimens 


Specimens of three samples of Canada balsam 
were cooked to a co, stency considered proper for 
use by an experienced optical worker. As an accu 
racy of one in the fourth decimal place was consid 
ered adequate. two specimens of each of the three 
samples were mounted as follows: Two rectangular 
plates of glass (see fig. 1,A), approximately 2 by 7 
as with good optical surfaces, were each coated on 
one side with a partially transmitting, high-reflecting 
coat of aluminurm, Samples from each of the three 


cements were drawn to long thin threads and placed 
parallel to each other on one of the coated surfaces 
and parallel to the long sides. Two spacers, shown 
in figure 1,A, that are appreximately 0.1 mm thick 
and equal to within 0.001 mm, were also placed on 
this surface, and the second coated surface was 
This combination 


placed on the three specimens 
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was then placed in an oven and heated to a tempera 
ture at which the « fuses to the 
aluminized surfaces 
ounces Was heated with the plates 
then placed on the top plate to press the cement 
threads into narrow ribbons that became quite thin 
the thickness of 


‘ment softens and 
\ rigid body weighing several 


This weight was 


at one end and approximately to 
the two spacers at the other end 

one from each of the 
three samples of drawn to threads 
larger than those of the set shown in figure 1,A, and 
placed parallel to each other on circular flai plates, 
each of which was also coated with a partially trans- 
mitting film of aluminum. The circular plates were 
1 in. in diameter. Three spacers are placed on this 
film, as shown in figure 1,C. The relative thicknesses 
of these spacers were previously adjusted by grinding 
to produce a most favorable wedge (approximately 
three fringes of green light) for reading the interfer- 
ence fringes when they serve as spacers between the 
two Fabry-Perot interferometer plates. The thick- 
ness of these spacers was approximately 0.3 mm. In 
order to apply the method of exact fractions the 
approximate thickness at the reference point is meas- 


\ second set of specimens, 
cement was 
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This can be obtaine: 


ured to within 0.01 mm 
A second plate, similar ¢ 
were 


a good micrometer 


one on which these last mou 


was then placed on the specimens and the ass 
placed in the furnace, along with the previous! 


sper mens 


se ribed assembly These specimens are also pre 
into ribbons by means of a weight on the top | 
The thickness of Canada ba 


will approximate that of the three spacers. If (hy 


these ribbons ot 
relative thicknesses of these spacers are properly 
justed, the fringes of interference, formed by 
reflected from the highlv reflecting surfaces 
the plates are assembled into a Fabry -Perot inte 
ometer, will be nearly normal to the ribbons his 
orientation is most favorable for reading the orders 
A small wedge between the ref] 
ing surfaces, five fri 

is also quite favorable to reading the orders of inte 


of interference 
producing approximately 


ference With these most favorably orientated nad 
spaced Fabry-Perot fringes, the fractional orders of 
interference of the several spe tral lines can be meas 


ured to one-hundredth. For a thickness of 0.3 mm 
this corresponds Lo ay proximately one in the fifth 
decimal place of index An error of 0.01 mm in th 
observed order of interference is, therefore, negligib| 
When the two assemblies are cooled to ambient tem 
peratures the cement binds the plates together for 
convenience of handling 


2.3. Reading of Fringes 


The rectangular-plate assembly was mounted 


vertically, with the specimen ribbons running 


zontally, on a small adjustable bench milling-machin 
base A collimated light, from a mono 
chromator and line source, was projected normally 


beam of 


through the surfaces The light was received with 
a low-power, short-focus telescope that was focused 
on the ribbon films. Multiple-beam-reflection inter 
ference fringes were observed inh each of the specimens 


and also in the spaces between them For purpose 
of discussion the fringes seen between and outside 


the area of the specimens will be called “air fringes 


and those inside the area of the specimens, “specimen 
fringes.”’ 
The milling-machine base permits measurabl 


movements of the plate in the focal plane of the 
Thus, a panoramic view of the whole 
plate is observable in the telescope, and the microm 
eter permits accurate measurements to be made on 
the fractional orders of interference 

The orders of interference of air fringes for all 
wavelengths of light used were determined at 
where the separation of the plates is d,, by means of 
the method of coincidence This is an easy and 
positive test because d,; is known to be very smal 
With all orders of interference known at P 
orders of interference are determined at P, by count 
ing the number of fringes between these two point 
and adding them to the order values at P, Phe 
narrowness of the samples, with the fringes nearly 
normal to their lengths, permits a determination of 
the orders of the air fringes interpolated to points 


telescope 














» nM 
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if hin 
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mono 
mally 
| with 
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inter 
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utsicde 
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irable 
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crom 
ae on 


ATs of 
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early 
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and P? 
hee specimen Iringes if the reflecting surtaces 
n straight fringes), the order of 
erterence, at a pomt in the wedge that is adjacent 


although thes points are in the region 


plane (resulting 


but outside the area of the fringes, mav be accu 
ely measured with a moveable reticule in the eve 
ce of the viewing instrument 
The number of specimen fringes between points 
ind 2.’ is obtained by counting as the plate Sal 
ved, with the adjustable support, so as to cause 
The ratio of 
number of specimen fringes to the number of au 
nves bye iween P 4 and P Is the refractive index of 
specimen relative to au 


to move into the position of P,’ 


This ratio is also equal 
the corresponding ratios ol orders of interference 
inv point As the order is low at P LO to 2O in 

case of this test the computed order for the 
cimen fringes at /?;’ will give the integral part of 
order number to absolute accuracy, and the 
ctional part is observed directly The order at 
plus the number ol fringes between r.’ and P? 
the absolute order at 7,’ The ratio of orders of 
cimen and air fringes at Fe’ is the accepted value 
the refractive index of the specimen obtainable 
th this assembly 
By using the above procedure, the refractive index 
obtained for all spectral lines used A simila 
itment also permits measurements for the other 
vo specimens. The order number of the air fringes 
P,’ was approximately 400 (A=0.5 uw), and the 
tion is known to one-tenth, even though these 
rrow fringes are unfavorable for best precision 

This, however, corresponds to a precision of about 
rin the fourth decimal place of refractive index 
lhe accuracy of index values, determined by this 

ethod and assuming constant temperature control, 
pends upon the thickness of the specimen and the 
iracy with which the fractional parts of the orders 

in be determined The second set of specimens, 
sembled concurrently with the set discussed above 
nd shown in figure 1, C, permit an increased accu- 
racy of the measured indices. The rectangular 
tutes are replaced by the circular plates on the 
djustable base, and the order numbers for the au 
fringes are determined at some chosen point, 23, by 
ieans of the method of exact fractions The thick- 
ess of the air film at P; is approximately three 

times that at P 

r the specimen fringes at P,’ 
btamed at P,’, will be in error by not more than 

The integral part is, there- 


: consequently the computed orders 
using the results 


iree-tenths of a unit 


fore, determined with absolute certainty. As the 


ringes are very narrow relative to their spacing and 
a most favorable spacing was chosen, the errors 
the fractional parts are believed to be less than 
ne-hundredth of a ut The order number at 
was approximately 1,260 (A=0.5 y 
ently, errors in the refractive indices, resulting 


Conse- 


om the order determinations, are negligible com- 
red to those resulting from temperature 


B. Saunders, J. Research NBS 23, 182 (1939) RP122 
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3. Results 


Three different samples of Canada balsam, each 
obtained from different places, were measured for 
13 visible spectral lines, distributed as uniformly as 
available sources permitted Sample 1 had been 
bleached for a prolonged period by continuous out- 
door exposure over a period of approximately 2 
vears in direct sunlight and was almost free from 


color. Sample 2 was light vellow and is believed to 
have been chemically bleached. Sample 3 was dark 
brown and unbleached All three were in liquid 
form 





X 
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The three curves in figure 2 represent the most 
probable index values, corrected to 27° C. The 
values for these curves were computed from an 
equation relating index to wavelength and tempera- 
ture. The parameters were evaluated statistically 
The computed dispersions (u-values) for samples 
1, 2, and 3 are 43.5, 41.1, and 42.4, respectively. 
The circles in figure 2 represent index values for an 
available optical glass. Except for short wave- 
lengths, specimen | 1s seen to be quite adequate for 
the construction of a Késters interferometer prism 
from the glass represented. 


WasHInatTon, July 15, 1954. 





























Bounds on a Distribution Function That Are 
Functions of Moments to Order Four 


Marvin Zelen 


1. Introduction and Statement of Problem 


Pehebvehel? |7 in IS74 proposed a problem that can be stated as follows: Let F(a) be 
an unknown distribution funetion over the closed interval a, 6), and satisfving the conditions 
hkia—0 () 

" pdk (y 0,1 / 
If the moments for 0.1 k are known, then for a given value of a< r<— b). what 


are the (sharp) upper and lower bounds on / 
Tehebyehelfl presented without proof a solution to the above problem, which is sometimes 
called the reduced-moment problem Proofs were later given by Markoff [1], Possé [2], and 
Stieltjes [6,6 The book by Shohat and Tamarkin [4] gives an account of some of the modern 
day treatments of the subject 
This paper presents the explicit expressions for solutions of the moment problem (often 


referred to as the Tehebycheff-Markoff inequalities) for the cases k—2,3,4. Inequalities that 


are functions of moments to order two were given bv Tchebvehet? [7] for distributions o the 
interval [0,4] Inequalities that are functions of moments to order three were given b» Vossé 
2] Possé also solved the case of four moments for distributions over the interval fa 


2. Explicit Expressions for Bounds 


This section presents without proof the explicit expressions for bounds on a distribution 
function Proofs nay be found in 9] These are derived as special Causes of the Tchebvehetf 
Markoff inequalities 


In all that follows it will be assumed that 


This will result im ne loss of generality, as any distribution function can be made to conform to 
these conditions by the use of a linear transformation. The assumption (1) implies that 


a, 6 satisfy the inequalities 
a ) 4 ) 
l- ab< it ) 


This follows from the necessary conditions for the solution of the moment problem (ef. Shohat 
and Tamarkin [4] 


A condensation of certain results obtained by the author in a the ibmitted to the University of North Carolina in Jur 51 in partia 
fulfillment of the requirements for the Master of Arts degree 
? Figures in brackets indicate the literature references at the end of this paper 


Throughout tl paper it will be understood that a distribution function over the interval [a ne where the range of the randon iriable 


, 


is fa, 


, and the end points will belong to that interval unless the end points are 
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2 Bounds for Two Moments 


tribution function on fa, 6) with known moments 


For anv distributi defined over inequalities }) and (5) hold for a 0 and 
1) respectively 


2.2. Bounds for Three Moments 


} 


nition function on fa, 6] with known moments 


mil cletime 


then for a given 


if g(a 
if gia 


if q\a a 0 


Inequalities (7) and (9) hold for any distribution Fy) on fa, « Inequalities (6) and 
| L { | 


8) hold for any distribution Fy) on ©, 6]. Note that none of the inequalities (6) to (9 
holds for distributions over 


2.3. Bounds for Four Moments 
Let F(y) be a distribution function on [a, 6] with moments 


m=O, Mg, », Ms M4. 


+ y(yMg— My) yYM3— m,+- (mM,—y)* 
y- 5 
y(m3— ¥) y 1+-y(m3—¥ 
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l / /,a | / yy h Z / ay, a and let be the d 
reros of / | j 7 respectively then a ( 
Define 
} ah / 
ab } 
| 
B ' ; ' 
hen for a n value of h 
O< F(a | if a 
Biba / Bib Bial if 
| | 
/ | if 
J 
] ha Bia h, / | }} } { / 
| | Ita il / 
For anv distribution defined over inequalities 10 12), and 14) hold, re 
tively. for ag l : r. 
tlowever, the ordering of in relation to equivalent to the following 
J } |, then 
] 0) qa 0 if, and only if, j 
QO, ala 0) if, and only if, 
F 0) if, and only if, i 
Using (15) to (17), the applications of the Tchebychell-~Markolf inequalities for the 
where / s defined ove are made particularly easy 
3. Application of the Tchebycheff-Markoff Inequalities 
Let / / be a distribution function whose first four moments coimeids with those of the 
standurd normal distribution, i. e., » 1,” OO, l, wv QO, my, ) The Tehebyechetf 
Markoff inequalitic s will be used to find bounds for F(x) when a , 
Bounds us ng two moments; Since a 0) inequality 9) 18 applicable and we have 
R000 < FF? | 
g000 < FS) <1. 
Bounds using four moments: Since x>0, g(2)->0, g(3)-~0, inequality (14) is applicable 


Substituting the appropriate values, we hav: 


therefore, 


8947 < F(2) <1 


9777 <F(3) <1. 


Note that there are no inequalities applicable using only moments to order three 
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4. Appendix 











Statement mu prool of the Tehebycheff-Markofl inequalities ean be found in Shohat 





and Tamarkin |4 Uspensl SS}, and Royden [3 his section contaims a statement of the 






Pehebvehefl Ni; rkofl mequatitr sas the above sources do not rive the theorem im full reneratt 






and it is not readil available in the literature 





Before stating the theorem it will be convenient to define the following: Let 7),(4), ; 





| j i bye polynomial ol degre } defined by 








yd Fk (y 0 | 





where 6, /) is any polynomial of degree } 1, and the coefficient for y" in 7,(y), U 
\, Wy) is unity 

Uchebycheff-Markoff 1 eq walitie Let Fiy) be anv distribution function on fa b] with 
moment " n 








and let z be a given number (a< r< 6), then 








Ww he re 







and y 


Zn, 






where ? n ” for eq (23), 7 } 1 for (22). (24). (25). and wy is determined by 







1 for (22 







qiyy'dF(y) =0 
Ja 5=(), 1. _n—2 for (23 





(24), (25 












Corot LARY For €q o2? the inequalities hold for any distribution orer | Do. « with moments 
Mo, ™m , v The ine qualitie s jor eq (24) hold for any distribution over la, x with moments 
Mo, M. Mo, The inequalities for eq (25) hold for any distribution over >, b] u ith 
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Aerological Sounding Balloons’ 
Gordon M. Martin, John Mandel, and Robert D. Stiehler 


perature patch test for sounding balloons is ce ibe« n tl test a circular 

t of the rubber film, clamped aroun ‘ i inflated until it 
burst juations applying to the patch t al to the flight o ounding balloons are 
developed he important properties in determining the flight elevation are found to be 
the flaccid length of the balloon and the elongation of the rubber film The effective clonga 
tion is defined as the average elongation of the entire balloon film at the pressure at which 
the weakest part of the balloon will fail A method of estimating this effective elongatior 


d 
d 


from patch test data is given Correlation was found between patch-test data and night 
flight elevation On the basis of flights made with thermistors both inside and outside the 
timated to be 0 to 4 Celsius degre 


temperature of the balloon film at burst i tin 
ie urrounding air at night and 2O to 30 Celsiu lewres warmer t i! 


the daytime 


l. Introduction temperature approximating that encountered in 
flight Most of recent work at NBS has been con- 
Sounding balloons are used on routine weather cerned with such a test 
htsfto carry radiosondes into the stratosphere 
he United States the balloons are usually made a. Patch Test 
neoprene film with an unstretched thickness of 
0.003 in. and weigh 500 to 600 ¢ They are In the patch test a cire ular prece of the film, ol 
ited with helium or hydrogen to a specified lift | pateh, is clamped around its circumference and 
when released, rise at a rate of about 0.5 | inflated until it bursts. The film passes through a 
min to elevations of 15 to 30 km before bursting series of forms approximated by a flat surface, a 
these altitudes the temperature may be as low as | hemisphere, a sphere with a section cut off at the 
° C and ozone, ultraviolet radiation, and cosmic | bottom, and finally an oblate spheroid. Diagrams 
itions are much more prevalent than at the | of these forms are given by Treloat The greatest 
ce of the earth At the request of the Depart stretching takes place near the center of the pat h, 
of the Navy, Bureau of Aeronautics, the | and the break usually occurs in this region In 
National Bureau of Standards has been investigating | this work the inflation is conducted inside a cold box 
he factors involved in the flight of sounding balloons. | maintained at the desired temperature by a detach 
paper outlines some of the results obtained. able servo-unit that operates with dry ice. The 
iboratory tests have been made on special bal patch is inflated with superdry nitrogen in order to 
and on balloons from regular production lots introduce as little water vapor as possible into the 
er balloons from the same lots have been flown | cold chamber The compressed nitrogen passes from 
he Weather Bureau Some tests that have been | its container through a two-stage pressure regulator, 
are: (1) conventional tensile tests of dumbbell | a needle valve, a flowmeter, and then into a large 


mens at room temperature and at 10° CU, (2 copper tube inside the cold box, where it cools down 


oon inflation tests using air at room temperature, 
1 (3) brittleness tests at 60° C The results of shows the equipment and figure 2 shows a patch 
¢ tests did not correlate with the flight elevations during inflation 

ned inservice. Some of the factors contributing The quantities measured are the differential pres- 
his lack of correlation mav be 1) tensile tests on sure across the pat h, the distance between bench 


before coming into contact with the pat h Figure | 


ubbell specimens of thin films are extremely sensi marks on its surface, and the maximum dimension 
to small variations in the « haracter and condition of the patch \ circle, 1 em in diameter, is marked 
the cutting die, (2) tests of the film at room tem at the middle of the patch During inflation the 
diameter of this circle is measured by a flexible scale 
that rests lightly on the patch and follows the shape 
of its upper surface The sf al Is observed through 


‘ 


iture and even at 10° C are not indicative of 
properties at the lowe temperatures encountered 
ervice, (3) brittleness tests involve the sudden 
ling of the specimen at low temperature, whereas | 4 removable thermopane window in the top of the 
light the film is stretched gradually at the same | cold box. ‘This measurement in centimeters is equal 
to the elongation of the region neat the center of 
the patch The differential pressure across the patch 
is measured by a mercury manometer or by a bellows 


t is being cooled, and (4) conventional tensile 
involve stretching the rubber in one direction, 
reas during flight the film experiences a two 
nsional stretchin These considerations indi sensitive to pressure that is connected to an electric 
Clls i stretec vy ‘Sse 1s ‘Tt Ss - ° 


ed the advisability of using a patch test at a 





measuring system Vhe diameter at burst is 
measured by 
with flat 
expanding patch 
is measured with 
burst 

Initial patch test 
temperatures, It was ultimate 
elongation of the neopren and the 
stiffness tensile strength increased as the tem 
perature lowered As the 
efficients were different for different films, the prop 
were not 


mayor 
freely moving pistons 
pushed outward by the 
The distance between the pistons 
a steel seale after the patch has 


means of two 


heads, which are 


made at several fixed 
that the 


film cle reased 


were 


found 


and 
Wis temperature co 
erties at room temperature a good indication 
of the low-temperature characteristics of the rubber 
films 

The method finally ce veloped for the patch tests 
involves a prestretehing at a temperature higher than 
that at burst This corresponds more closely to the 
way the film is stretched in flight The patch intla 
tion is started at 10° C Che volume rate of in 
flation is held constant throughout the test When 
the l-cm-diameter circle diameter of 2.5 
em, the surrounding air is cooled until the tempera 
ture is reduced to 60°C lhe temperature is held 
at 60° C until the patch bursts. Five to 10 min 
are required to cool the air from 10° to —60° C 
and the entire test lasts 15 to 20 min. This test is 
referred to in this paper as the H0° C patch test 


rene he s it 


3. Equations Applicable to Patch Test 


Approximate relations giving the tensile strength 
and elongation in a patch test have been derived by 
C.F. Flint and W. 4. 8S. Naunton 


are 


The equations 


L35PR 
Sy ’ 
al 


» HOR 
a 
S_ 1S the tensile stress at burst based on the origin il 
section; P is the differential 
the patch; A, is the equatorial radius of the pateh at 
burst; a is the radius of the circular aperture, that is 


CTOSS pressure NCTOSS 


half the inside diameter of the ring used to clamp 
the pate h: fs the thickness of the unstretched film 
and I a is the ultimate elongation or the ratio of tl 
final to the initial length of a line drawn on the 


Solving (2) for R, and substituting in (1) give 


Pk a 
Ble 


NS» 





ed 


Inte 


this work 


and 


the 
tituting this 


patel test u in 


value 
Oxy 


1.04)) 


anal 


thre 


1th ithe lie 


Is equatorial diameter of thy 


prarte hy 


/ Syl 


/ ’ 


inh thy 
the diameter of the part hat burst wa 
thy 


ed 


imetetr 


in mehe sabdbie’ tinal TT 
\ 
with pistons and the elongation was deter 
eirels | 
n the middle of the pateh, it wa 
1) Accord 

104 
( 
i) 
the 
a particular 
values ana 


When the 


vlass-transition temperature 


from measurements on a em in 
tamped | 
ble to determine the validity of eq 
t' ky, D (’ (is 1 
with Experimental values of 
O1, 0.938, 0.96, O98, LOO, 100, 1.04. 4 
Keach these 10 values ents 
for a number of patches from 
The differences 
be the result of 
film is near the 
the film may and the remainder con 
thus the value of ¢ 
itions in the area of rubber exposed, because of 
kles in the film on 
yaffect the value of ¢ 
hel different at 
compound 


to where 


iS 
}) 


OOo; I 


equation 
im inehe 


OS ol 


repre 
yore 
oon between thes 


} may several causes 
Der 
ofl 


freeze 


to elongate changing 
lippage im the clamp, would 

The value of Cis probably 
different temperatures and for 
ent 


thr 


P 


and the differential bursting pressure 


relation between bursting pressure 
h test 

thre 
of the 


eun be 


ma 
P 

spheri al balloon 
10 


surface of a uniform 


same material is given in eq below 


derived as follows 


thre at circle 


base al on 


balloon along i 
The tensile strength 
nal cross-sectional area, S bye 
the forees pushing the halves apart 
forces holding them together 


eutting 
it bursts 


nyihe ore 
before 
found by 


to the 


a. nay 
ring 


ta 


re Ry is the radius of the balloon at burst, and 


the thickness of the rubber film at burst 
Now, since Ry= Ig! k,D where Fy is the 
tretched, o1 radius the balloon, 


of and 


{ls a id 


the Haccid diametet 


R I af” 


DEP, 
; My 


”f 


he tensile strength based on the original cross 
onal area, NS», is found by the 
hing the halves of the balloon apart to the tensile 
es holding them together, expressed in terms of 
instretched cross-sectional area 


equating forces 
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Dining 
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two 


final and on 


the relation 


don the 


1) and rive 
trengths 


On | 


n the te nsile 


the original ero 


(x 


tant 


suming a constant volume of rubber (or 


density 


Io liet 


breve Ome 


Now 


( longation 


trength, ultimate 
of the film the 
balloon Mquating the 
by 


that the tensile 
and original thiekne 

the pateh and the 

trength 


We tis 


tithhe 
ure 
sume for 


values of tensile viven and (7 


oq 
rive 


DD 


with 7A in inehe 

It converent 
laboratory, and the flaceid length 
end This is the 
exclusive of the 


vertically by 


ure 2) 

often 
uninfilated 
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to men in 
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length of 
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When these values ar the 
bursting pressure of a patch cut from a similar film 
is found to be 44 in The average bursting 
pressures of patches from four production Dewey & 
Alms sounding balloons tested at 76 KF 60° C 
are 47, 54, 65, and 83 in. of water. Of course, these 
rubber films may differ from those of the small bal 
loons tested at the factory 
Additional tests of eq (10a 
inflating pilot balloons with air at room temperature 
and making patch tests at room temperature on other 
For example, the burst 
of water, and 


substituted in eq (10a 


of wate 


have been made by 


balloons from the same lots 
ing pressure of a balloon was 0.92 in 
the patch test bursting pressure was 15.7 in. of water 
By eq 10a) the unstretched diameter of the balloon 
is calculated to be 17 in. The balloon was not a per 
fect sphere when inflated just enough to remove the 
wrinkles, but the average horizontal diameter was 
measured as 16 in. The diameter calculated from 
the measured volume ol the balloon, using the for 
mula for a sphere, was 16.6 in 

In all these the bursting the 
patches is slightly higher than the value calculated 
by using the bursting pressure and flaccid diameter 
of the balloon in eq 10a This difference can be 
attributed to the fact that the bursting pressure of 
the balloon does not correspond to the uverage burst- 
ing pressure of the patches cut from it, but to that 
of the weakest patch. The method of estimating 
the minimum bursting pressure of all the patches 
from the balloon is discussed in section 5 


pressure of 


Cuses 


4. Flight Equation 
When a sounding balloon ascends into the atmos- 
phere, it expands as the atmospheric pressure de- 
until it finally The atmospheric 
pressure at burst, ?,, which determines the bursting 
elevation, is given by the equation 


creases bursts 


P.=P,—P (12) 
where /’, is the absolute pressure inside the balloon, 
and P 
of the balloon at burst 

P, may be found from the ideal gas law, because 
helium hydrogen behave like perfect 
gases these conditions there is not 
very much gas to escape through 


is the differential pressure across the surface 


and almost 
under 
enough time for 


the balloon film, 


and ais 


—— = : 
Pa Poa; Re us 


where P is the absolute pressure inside the balloon, 
T’ is the absolute temperature of the gas, and RF is 


the radius of the balloon The subseript 7 refers to 


the initial conditions at launching, and the subscript 
B refers to conditions at burst 


Letting R,p=—R i, and R in eq (13) gives 


The value of R, depends upon ¢ onditions at la 
ing. Usually the balloon is inflated until it will 
lift a specified weight Assuming that the idea! 


law holds, the relation ts 


R 3V,_ 3 RT(F+W 
we 42) 4x P(M.—M,)’ 


launcl 


where \V, is the volume of the balloon at 
R is the gas constant, F is the lift, VW 
of the balloon, .V/, is the weight of a molal vol 
of air, and MM, is the weight of a molal volum 


inflating gas. Substituting this value for R, 


is the we 


eq l3a) gives 

Pp 3rR(F W)T'p 
* 4(M,—M,) E333 
P,, the differential bursting 
surface of the balloon, may be found from eq 


and (11 


pressure across 


' rP 
Pe= or 
where P is the bursting pressure from the patch 
and L, is the flaccid length of the balloon in in the 
Another relation for P, may be obtained by ex 
pressing the thickness of the rubber film in terms 
of other constants of the balloon and by 
the tensile strength on the final cross-sectional area 
instead of P 


using SS 


W 
rl) o 


where o 18 the density of the I ibber 

Solving for Py in eq (5a) and substituting 
from eq 17), we have 
WS, 
rolD)if* 


P, WS, 
. 2eL } yd 

The equation used for predicting the performa: 
of production sounding balloons is obtained by sub 
stituting the expressions for P, and P, from eq 
and (16) into eq (12) and using appropriate values 
for some of the factors Assume that the balloon is 
inflated to a lift of 3,000 ¢ and that the temperature 
at burst is 213° K. The gas constant is 5,074 u 
millibars per gram mole deg K. .M, is 28.96 g, and 
if the gas used is helium, V7, is 4.00 ¢ 


, 320,00003,000+-W) 1.57P 
< EL} | 


where P, is the atmospheric pressure at burst 
millibars, W is the weight of the balloon in grams 
FE, is the elongation at burst, Ly is the flaccid length 
of the balloon in inches, and P is the bursting pres 
sure from the patch test in millibars. 

A form of the flight equation that is more 
venient for some purposes ts obtained by substitu 
the values for P, and P, from eq (15) and (18 





effective 


BBWS’, 


, 


rT R 


—_ \/ VV and B 


A 


It is possible to obtain an approximate equation 
it gives the flight elevation directly. The relation 
elevation and pressure for the standard 
6 . 

in the region where the balloons burst is 


tween 

nosphere 

R99 14.6 log P, 2] 

here A is the elevation in kilometers, and log P, is 

logarithm to the 10 of the atmospheric 
essure in dynes per square centimeter 

Substituting P?’ 


base 


from eq (20) into eq (21), we have 
h=89.2+-43.8 log(/pL, 
14.6 log A(F+- W) T,— BWS;). 

\ study of this equation shows that changes in 

or Lo will have a pronounced influence on the 
isting elevation and that proportionate changes 
the balloon weight, temperature at burst, or tensile 
trength will have a much smaller effect. We may 
ibstitute typical values for the important 
antities and obtain an approximate equation in a 
mpler form. Let F 3.000 g, Ty 213° K, W600 
2 7.63 10° dynes/em’, R=8.314 10’ 
nole deg K, 0 1.25 g/em’*, M, 28.96 g, and \V/ 
Then A=2.47™ 10° ergs/g deg K, and B 
95 em’/g. Equation (22) becomes 


less 


ergs 


it) o 


h=43.8 log(,L 104.0 


th A in kilometers and J, in centimeters o1 


13.8 log( hel 86.3, 


th A in kilometers and J» in inches 

Both eq (19) and (24) give values that are in rea- 
mable agreement with flight results. Equation (24 
that the bursting elevation is linearly 
elated to the logarithm of the product of elongation 
nd flaccid length. A method of determining the 
elongation and minimum patch-bursting 
essure used in these equations Is given in section 5 


viicates 


5. Effective Elongation 


In predicting the flight performance of a group of 
nilar the and the bursting 
essure determined from patch tests on some of the 


balloons, elongation 


lloons may be used in eg (19 together with the 
erage weight and flaccid length of the balloons to 
flown. In a perfectly uniform spherical balloon a 
of one patch would give the ultimate clongation 
| the bursting pressure ¢ haracteristic of the entire 


tandard atmosphere, NACA Teet Note 


balloon Actually, there is a geod deal of variation 
in strength (due in part to 


the surface of a 


Variation in thickness 
balloon When the 
section fails most parts of the balloon will be con 
their ultimate C‘on- 
the balloon wil! ‘»-urst at a smaller volume 
elevation than would be anticipated if 
and the 
Llow 


ovel weakest 


siderably below clongations 
sequently, 
and a lower 
the ultimate 
bursting pressure of the film were used 
lower the altitude will be depends on the amount of 


the 


nverage 
much 


average elongation 


variation in the stress-strain characteristics of 
rubber 

The effective elongation, which is used in deter- 
mining the bursting volume of the balloon 
defined as the average elongation of the entire balloon 
film at the differential pressure at which the weakest 
part will fail. The minimum bursting pressure and 
the effective elongation are estimated from patch-test 
data. A balloon may be equivalent to as many as 
1,500 patches, but only a few of them tested 
The standard deviation in bursting pressure is found 
for the patches tested, and a multiple of this standard 
deviation is subtracted from the bursting 
pressure to get the estimated minimum bursting 
pressure. In practice, it has been found that an ap 
propriate value for this multiple is 2. Thus, the 
patch bursting pressure used in the flight equation 


may be 


average 


is two standard deviations below the average bursting 
pressure of the patches tested. 

For each patch tested a plot can be made of the 
lifferential pressure corresponding to various clonga 
The plots for different patches from the same 
balloon are usually similar, Figure 3 is an exampl 
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of this relationship obtained by averaging a number 
ot pat hes The curve ends at a point representing 
the average differential pressure and elongation at 
failure, that is, the average bursting pressure and 
the average ultimate elongation of the patches The 
horizontal dashed line two 
standard deviations below the average bursting pres 
This is the minimum bursting 
pressure in the patch test related by eq 
(10a) to the differential pressure at which the weakest 
region of the will fail. At that particular 
moment the average elongation of the balloon should 
have a value that can be approximated by taking 
the abscissa in figure 3 corresponding to the minimum 
The value thus obtained is the estimated 
used for /’, in the 


represents a pressure 


sure estimated 
which 1s 


balloon 


pressure 
effective elongation and may be 
flight equation 

An estimate was obtained for the precision of the 
bursting elevations predicted from the results of 
‘on the fou vroups used in the 


patch tests at —60° ¢ 
special experiment described in section 6. For 


balloons from the same group, the standard deviation 
of pred ted elevations was found to be 2.7 km, based 


on tests of three patches per balloon The standard 
deviation in actual night flight elevations of balloons 
from the same group was 2.1 km. ‘Thus, provided 
that the same number of balloons are tested as are 
flown, the reproducibilities of laboratory and flight 
tests are Hlowever, the accuracy 
of the laboratory values may not be as good because 
factors other than those included in eq (19) or (20 
may cause premature failure of the balloon 

Actual flight differ from that 
predicted on the basis of the patch test because of 
the action of ozone at high elevations, the concentra 
tion of stresses in certain parts of the film, such as 
the region where the joins the body of the 
balloon, the different stretching and the 
different temperatures experienced in flight, or 
possibly because of other that are not yet 
Also the distribution of patch-bursting 

be different for different balloons 
the estimation of the 
and effective elonga- 
uracy of the predicted ele- 
results 


about the same 


performance may 


ret k 
rate of 


factors 
understood 

may 
may 


pressures 
which 
minimum 
tions and reduce the ac 
Vations Nevertheless, this 
that show significant correlation with flight elevations 

As mentioned before, the method outlined for 
obtaining the minimum patch-bursting pressure for a 
balloon by subtracting two standard deviations from 
the average value is essentially an empirical one 
Theoretically, statistical used to 
estimate the minimum pressure 
certain assumptions concerning the distribution fune- 
tion of patch-bursting pressures so that the theory 
of extreme values could be applied It would then 
be desirable to obtain a random sample of patches 
from the balloon. In the work reported here the 
selection of patches was not entirely random because 
the balloon was cut into sections and one or more 
patches taken from each section. The information 
so far obtained from the investigation is not sufficient 
to make use of this theoretical approach 


cause errors in 


bursting pressures 


method 


rives 


methods can be 
This would require 


6. Flight Experiments 


In section 4 it is shown that there should be appr 
imately a linear relationship between the flight el, 
tion and the logarithm of the product of elongat 
and flaccid length. The relation 
logarithm and flight elevations was studied on p 
duction lots of balloons flown by the Weather Bur 
in regular service. The day flights of samples fri 
{0 lots made by three different manufacturers did ; 
discriminate between lots that had differences 
both night flights and laboratory 
the 60°C patch test 
some correlation 


betw een 


judged by 
Data from described 
section 2) showed with the n 
flights of samples from 18 production lots. Thy 
Using the ultim 


data are summarized in table 1 


TAR i 


coetl ment wv 7 Will 


The probabil t 


elongation, the correlation 
the effective elongation, it is 0.77 
of obtaining a value as large or larger than 0.57 by 
chance alone is about 2 percent; the corresponding 
probability for considerably than 0 
percent. The correlation coefficients were weighted 
to take account of the number of flights made 
each lot Only five patches from one balloon wer 
tested for most lots. Considering the small numbe 
of flights made and the small number of patches 
tested for most samples, the correlation was as good 
as would be expected. As the data were not obtained 
from a systematically designed series of experiments 
few conclusions regarding the factors affecting the 
performance of sounding balloons can be drawn from 
them. 

In order to make a more conclusive study of these 
factors, a special experiment was designed. This 
120 balloons divided into four 


O44 IS less 


experiment involved 
groups of 30 balloons each 
post-plasticized 


from each of 


Tl ! : tad 
1ese groups consisted 


(plasticized after 
two mal 


of regular and 


vulcanization), balloons 
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turers The weights and flaccid lengths of the 
loons were he ld fairly constant within each of the 


i groups The 30 balloons within each group 


re used as follows: 12 for day flights, 12 for night 
nts and 6 for laboratory tests The allo ation 
balloons for flight and laboratory test was done at 
idiom The order in which the balloons were tested 
the laboratory was also random For the labora 
y tests, six patches were cut from each balloon 
ree of the patches were tested at a constant 
perature of LO ¢ and the other three, by the 
wedure given in section 2, with a temperature of 

(' at burst 
lable 2 shows the design of the flight tests for the 

groups of balloons at four Weather Bureau 
tions. On any one day at anv one station two 
loons from the same group were flown; one in the 
time and one at night Table 3 lists the average 
sting elevations for balloons ol Cie h group flown PABLI 
each station The results for day and night flights 

given separately In several cases the averages 
ported are for two flights for a given group at a 
ven station instead of for the three indicated by the 
edule of table 2, either because of instrument 

e or premature failure of the balloon. Such 

ilts were eliminated because they do not reflect 

inherent characteristics of the rubber film An 
ilvsis of variance for the data from the individual 
hts reveals that 

The day-flight results do not distinguish con 
isively between the four groups of balloons. The 
nking changes markedly from station to station 


) 


oul . l i Labor 
The night-flight results are more consistent for sass ' 


loons of a given group whether the balloons are 
wh at the same station or at different stations 
Tables 4 and 5 give the average differential burst 
pressures and ultimate elongations for the six 
loons from each group in the —40° and —60° C 
patch tests The average effective elongations for 
he balloons in each group are given in table 6 
Figures 4 and 5 show plots of the average flight ele 
itions against the logarithms of the products of 
elongation and flaccid length. The day flights are 
compared with the results from the 10° © patch 
est, and the night flights are compared with the 
ilts from the —60° C patch test. In figure 4 the 
ohted effective elongations are used and in figure 5 the 
fe fos ultimate elongations. When the ultimate elonga- 
tions are used the correlation is rathet poor How- TABLE 5. Laborator 
ever, if the effective elongations are used, the corre 
lation is excellent for night flights. It is seen that 
the points for the day flights, using effective elonga- 
tions, are not very far from the line determined by a 
1ents the night flights The greater scatter of the points number mel § 
= the for day flights is not surprising because of the uncer- pg Be ie ay > 
‘from tainty of the temperature of the balloon film (dis- > new P nen 
cussed in section 7) and the erratic behavior of the 
day flights. The small range in average day-flight om He 
This elevations and effective elongations of the four groups : +e 
os and the large uncertainties in day-flight values result 188 
low sensitivities for the day flights and —40° C $2| 548| 168 
patch tests, which are not sufficient to obtain signi- 18. 2 
int. differences between the four groups of balloons verage i 17.0 
this experiment 
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7. Temperature of Balloon During Flight 


Sounding balloons usually attain higher elevations 
during the day than at night. For the post-plasti- 
cized balloons that have been developed in the last 
few years, the difference between day and night 
flights is not large, but some regular balloons have 
been tested that flew satisfactorily in the daytime 
but flew very poorly at night. This variation be- 
tween day and night flights appears to be due to a 
difference in the temperature of the balloon film. 
The temperature of the air in the stratosphere is 
about the same day or night. However, during the 
day the balloon film is heated by the sun’s radiation 
and should be at a higher temperature than its sur- 
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Ficure 5. Correlation between flight elevation and wultir 


elongat on 


flights and patch tests at —40° C; @, night flight 


roundings. (Although the thin neoprene film is 
fairly transparent to visible light, it absorbs strongly 
in the ultraviolet and infrared regions of the spe: 
trum At night the gas inside the balloon is cooled 
by expansion, and the temperature of the balloon / 
film should be slightly below that of the air 

Groups of balloons have been flown both day and 
night, and patch tests have been made at two dif 
ferent temperatures. From the differences in day- 
and night-flight elevations, and the rates of chang 
of the effective elongation with the temperature of 
the patch test, the balloon films have been estimate: 
to be anywhere from 5° to 25° C warmer during 
the day than at night. 

lhe method of estimating this temperature dil 
ference will be illustrated for the four groups of 
balloons in the planned flight experiment discussed 
The necessary equations are 





in section 6. 
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Equation (25) is derived from an expression similat 
to eq (24) but with different values of the constants 


1 
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The subscript D refers to conditions during da) 
flights, and the subscript N refers to conditions 
during night flights. Equation (26) is obtained by 
assuming that the elongation varies linearly with 
the temperature. The subscripts —40 and —060 
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er to the temperatures at which the elongations 
re measured in the patch test 


The average flaccid lengths of the balloons flown 
ning the day and flown at night and the differences 
average day and night flight elevations may be 
hstituted in eq (25 Then the elongation found 
om the patch test at 60° C is substituted for Fy, 
dl eq 25 may be solved for the corresponding 
ilue of Ep Using these values of Ep and En in 
eq (26), we may solve for the difference in tempera- 
re of the balloon film during day and during night 
flights. Table 6 gives the data used and the esti- 
mated temperature differences made in this manner 
for the four groups of balloons in the planned flight 
experiment, using both ultimate and effective elon- 
vations. Groups B and D show the most rapid 
change in effective elongation with the temperature, 
nd should give the best estimates of the tempera- 
we difference. The values calculated from the 
effective elongations are more consistent than those 
calculated from the ultimate elongations. Further- 
more, the balloons of group A burst at a lower 
average elevation in the daytime than they did at 
night; this result is predicted from the effective 
longations, but not from the ultimate elongations 
at the two temperatures 
No inexpensive and reliable method of measuring 
the temperature of the balloon film itself during 
flight is known, but the Weather Bureau has made 
five flights in which the temperatures inside and out- 
side of the balloon were measured. Radiosondes 
were modified to give three temperature readings 
The air temperature was measured in the normal 
manner m a duct in the radiosonde box. Two addi- 
tional temperature readings were obtained in place 
of the relative-humidity circuit. These readings 
were taken inside the balloon, which was carrying 
the radiosonde at positions near the top and near 
the bottom of the balloon. For night flights ordi- 
nary thermistors were used on all positions. For 
day flights white-coated thermistors (approximate 
diameter of 0.075 in.) v cre used inside the balloon 
to minimize the heating effect of solar radiation. 
The flights were made during December and Janu- 
ary No corrections were made to the thermistor 
readings for night flights. For day flights the au 
temperatures were corrected for errors due to solar 
radiation according to standard Weather Bureau 
practice. No corrections were made for the errors 
due to solar radiation on the thermistors inside the 
balloon, because the exact corrections are not known 
for this type of exposure (shielding from solar radi- 
tion by the rubber film and very tittle ventilation 
\t night the temperature of the gas inside the 
balloon near the top averaged about the same as 
that of the outside air and the temperature inside 
the balloon near the bottom averaged about 4 deg C 
colder than the outside air. For day flights at an 
elevation of 16 km the indicated temperatures 
inside the balloon were 17 deg C warmer than the 


surrounding air near the top and 15 deg C warmer 
» 


near the bottom, At an elevation of 22 km, the 
indicated temperatures inside the balloon were 23 
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Fiat RE 6 Ts mperatures tns de and outside of a post-plas- 
ticized balloon during a day flight 


deg C warmer near the top and 22 deg C warmer near 
the bottom than the outside air. Figure 6 gives a 
record of one of the day flights. 

The temperatures indicated by the thermistors 
inside the balloon are estimated to be no more than 
3 deg C warmer than the surrounding gas during the 
day flights. It seems probable that the daytime 
temperature of the rubber film itself is not very 
different from that indicated by the thermistors 
inside the balloon. Therefore, it may be assumed 
that the rubber film is warmer than the air during 
day flights and that the temperature difference 
increases with the elevation. At normal bursting 
elevations of 20 to 30 km, the film is probably 20 
to 30 deg C warmer than the surrounding air during 
the day, whereas at night the rubber film may aver- 
age 0 to 4 deg C colder than the surrounding air. 
Although the number of flights is too small to esti- 
mate the reliability of these results, there appear to 
be no inconsistencies between duplicate flights. 


8. Summary 


Because the Navy prefers to use a single type of 
balloon for both day and night flights and because 
the night flight is usually the more severe test, most 
of the patch tests were made at —60° C, following 
the procedure given in section 2. This tempera- 
ture is approximately that of the rubber film at the 
time of burst in a night flight. The comparison of 
night-flight elevations with the results from the 

60° C patch test indicates that the estimated 
effective elongation is a better measure of the quality 
of a balloon than the average ultimate elongation. 
A simple and economical ground test that can replace 
flight tests completely is not*yet available. How- 
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rs of several national laboratories within about 


cent was established in 1931 by Taylor [1 


(3 


of the tandard chamber 
National Bureau of Standards has 
hanged from that time until recently. 

In 1952 


design 


2| 
1] at 
rematned 


chamber 


Plate-Separation Requirements for Standard Free-Air 
Ionization Chambers’ 


Frank H. Attix and LeRoy DeLaVergne 


eparate 


250-1 


amber 


between the standard cham 


and 
the 


uh 


Kemp and Hall [5] made a precise study 
1¢ lateral dimension requirements for complete 


tilization of electron ionization in a parallel-plate, 


The 
chambers at 
at the 
were 


field 


ariable-pressure air chamber 
ited that 
ireau of Standards and 
in Kngland 


that 


the standard 


| aboratory 


spect and electri 


inadequate 
distortion 


results 
the 


National 


National 


Physical 


inh 
Wiis 


this 
re 


ponsible for the consistant underestimation of plate 


separation 
Prelimi 
O53 


distortion characteristics 


juirements by other workers 
wy Measurements at the Bureau early in 
usiny a large free-all chambet with improved 
indicated that even larger 


chamber dimensions might be required than those 


predicted by Kemp and Hall 
preliminary work, a temporary 


Wiis 


On the basis of this 


standard con 


tructed having plates 20 cm in separation and 26.8 


em in height 


\ comparison between this chamber 


and the old NBS standard chamber with X-rays of 


00 kv (constant potential) and 
0.52-mm Cu plus 1.0-mm Al 

chamber was measuring about 2 
tion than the new 
predictions of Kemp and Hall. 


A direct intercomparison between 


medium 


one, in fair agreement 


the 


filtration 
revealed that the old 
percent less ioniza 
with the 


National 


Physical Laboratory chamber and the new National 


Bureau of Standards chamber was carried out 
The NPL chamber was 
found to be subject to ionization losses of about 
constant potential), which was 


NPL in June of 1953 [6] 


percent at 195 kv 
by the Atomic Er 


mber 14, 1953, meeting 
pear in 


De cem ber 


wy { 
of the 
lvi4 


omn 


Radiologi 


lit 


at 


of 


trol 


fro 


close to the results Kemp and Hall obtained with a 
replica of the NPL chamber 

llowevet of the 
their work and the preliminary measurements mad 
at the Bureau, and because their evidence placed in 
doubt the accepted free-air chamber 
design criteria, a broad study of the problem was 
undertaken Both the plate 
separation characteristics of free-air chambers are 
being investigated at the Bureau for M-rayvs cener- 
ated by potentials up to 500 ky This present paper 
deals primarily with the plate-separation require 
for X ravs generated by potentials up to 


because disagreement between 


prey iously 


field distortion and 


ments 
IF0 ky 
The definition of the roentgen requires the mea 
all the ionization produced by electron 
irradiated 
mnimation 
the 
ionization produced by other electrons originating in 
of Hecesst \ 


urement ol 
that originate within 
ail It 
however 


known volume of 


in Hot practs able to measure thi 


because one cannot separate a from 
neighboring volumes ot ar whi h Thhuist 
also be irradiated. The free-air chamber overcomes 
this difficulty by utilizing the 
condition existing along the direction of the 


‘electron equilib 
rium” 
X-rav beam, as shown in figure | 
region represents the known volume in the sense of 
the roentgen definition 
lished by the area of the limiting diaphragm, D, and 
the length of ion-collecting plate C (assuming a 
uniform eleetric field) lonization is collected 
throughout the region enclosed by the dashed lines 
Some electrons, such having paths predomi 
nantly perpendicular to the X-ray beam will expend 
their entire energies within the ton-collecting region, 
assuming the plate separation to be sufficiently large 
(Actually of the electron paths are not 
straight as indicated.) Others, like ¢, will pass out 
of that region and produce ionization where it will be 
collected on one of the guard plates and, hence will 
not be measured. Under the electronic-equilibrium 
condition, this ionization loss is just compensated by 
the contribution of other electrons, such “us ¢ 
ing air attenuation of the primary beam to be small 
Such a condition can only exist if the two ends of the 


The cross-hatched 


lts dimensions are estab 


ibs ¢ 


course, 


assim 


box are at a distance (from the ton-collecting region 
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reater than thr range of the electron present ol 
ibout half the distance required for plate separation 
Kleetron like @, resultin Irom cattered photon 
produce jonization that not imeluded in the 
definition of the roentgen a these electrons do not 
originate within the cro hatched volume of air not 
do they compensate tor tonization losses of other 
electrons that do Their ionization contribution | 
usually ih umed to bye negligible llowevet in large 
chambers that a umption may not be justified On 
the other hand, the presence of such unwanted 


ionization would tend to compensate for loss of ele« 


ionization produced by electrons 


tron tonization (1. ¢ 

that oriwinate within the A-rav beam) due to in 
sufficient plate separation \ method will be 
described for measurement of this tonization§ by 


X ray 
mention should be made of the correction for 
air attenuation of X-ravs in the distance d 
Because limiting diaphragm D determines the total 
\-1 flux the 
chamber actually es 
at the position of that diaphragm except for the small 
attenuation of the beam in traversing the air between 


cattered in free-air chambers 


Sone 


see fig, | 


ny passing into chamber, a free-au 


mensurement tablishes the dose 


the diaphragm and the ton-collec ting region 


2. Apparatus and Experiment 
] 


y 


“& 


General Method 


The experiment consisted of three types of meas 
urements for each kilovoltage and filtration: 

|. Determination of the ionization produced in 
parallel layers of au in atl 
various perpendicular from narrowly 
collimated X-ray beam, using a special experimental 
‘ord’ chamber 

2. A repeat of | 
hereafter called the 


each 1 em thickness, 


distances rm 


of material 
was interposed 


that a sheet 


“electron filter’ 


exe ept 
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between the X ray beam and the 1on-colle tite re 


to absorb all the electrons oriwinating in the be 


but allow seattered X-ray sto pass through with | 
attenuation making it possible to different 
between the two By ubtracting the ionizat 
measured with the electron filter in place from 
measured without the = filter the ionization 
obtained for only the electrons originating in 


required by the roentgen definition 
\Mleasurement of the 


ionization produced 


conventional free-air chamber by the ame X 
beam used in the first two types of measureme 
Chis was done to provide a figure for the ionizat 
integrated over the entire ionized volume. so that 
previous measurement of pnization in various p 
of the volume could be expre ed as fraction 
the whole 

Krom these measurement it was possibl 
calculate the percentage by which the on 
produced by electrons from the X-rav beam 
free-air chamber would be decreased by inadeg 
eparation of the parallel plate 

2.2. Grid Chamber 
igure isa plan view of the experimental ion 


tion chamber lt was housed within 


em wide by 


A, 70 em long by 33 9em high 
electrode system was po itioned along one side ws 
of the box, and consisted of a graphite plate IK 


by 
the collec tor 


Sut rounded 


ol 


mnization 
In front 


collecting the 
guard plates 


‘ opla 
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were | 


parallel vrids ol graphite coated nvlon thread 
which defined the volume in which ionization w 
collected (shaded area in fig. 2 The first row 


a lead-lined be 


hy 
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ul 
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threads was 1 em from the collector plate and wi 





operated at 135 v, which was found to be ampl 
avoid ion recombination in the collecting volume 
The second row was at ground potential to ive 
more clearly detined collecting volume by redue 
the “‘bulging’’ of field lines between the thread 


the first row 
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retnain 


lhe front and back walls of the lead box were 
X-rav beam, FE The 
including the electrod \ 

ut right 


variation of the cli 


OSItIOnN, aS Was the 


of the box tem, wa 
angles to the N-ray 
m, allowme the tare \V. from 
X-rav beam to the collector plate over the range 
o 22 em The clistance /? V to the wall opposits 


unted on a track 


electrode svstem was 28 em. That wall and the 

» and bottom of the box were lined with Ye-m 

praite coated Laveite i Lod TEDLTRUEDD EZ cleetron 
cattormg 

The electron filte (; consisted of a heet of 

iphite-coated polvstvrene 1.7 mm in thickne 
trically connected to eround When in place 
filter topped all electron approachime tiv 


but allowed 
The eligible 
both 


were allowed to par 


from outside the filter 
through 
filler was 


eting volume 
with 


ttered photon to pa 
Whi tha 
etrons and scattered photon 
\lo t of the 
ted within the X-ray 


the two mea 


tenuation removed 
topped by the filter origi 
Lene the differenes 
filter im, filter out 
produced hy 
Hlowever, the 
produced out 


electron 
by min 
tween iretment 


pproximately represents lonization 


definition 
ele trons 


filter position by 


etron ol thy roentive) 
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th beam mr out rele the 


uttered photon These electrons were partially 
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he filter itself As will be seen from the data m 
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OO ks or at lower | ilovoltage where photoeleetru 


fect in the air made the filter material slightly 
oOn-au equivalent It wa pos ible to correct for 
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ure 4 

Figure 3 is a detail drawing of thre vyrid chamber 
lectrode system, indicating its dimensions and the 
mounting of the thread Actually the vricds were 
made of only one long nylon thread, which was 


ound around spiral grooves m the two alumimum 
rods, Ff. This thread was then paimted with alcohol 
dag’ in such a way as to leave parts E bare, to 
erve as Insulators, but to connect the inner row of 
threads to the upper rod and the outer row to the 
lower rod External electrical connections were 
then made to the rods themselves 

The collector plate was made of graphite so that 


would be nearly air-equivalent from the standpoint 
ol electron backscattering To determine the mae 
tude of this effect, the graphite was replaced with 
aluminum in 200-kv X-rays with 
medium filtration measured with 
the eleetron filter percent 
rreater than for the graphite plate because of photo 
electric effect in the aluminum. However, the calcu 
lated results for electron ionization losses in free-air 
chambers, based on the aluminum-plate data, did 
not differ appreciably from those calculated from the 
rraphite-plate data except at small distances from 
the X-ray beam, as is shown in table 2 Hence 
since electron scattering varies roughly as one 
may assume that the experimental results are not 
significantly influenced by backscatter of electrons 
from the graphite collector plate 
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2.3. Standard Free-Air Chamber 


urement of the erated over the 


Nien POTLEZME OTL Date 
entire toned volume was made by means of the 
present NBS standard chamber mentioned im the 
mntrodtetion Plat eparation wa i em plate 
height, 26.8 em, The limiting diaphragm diameter 
i em) and the collector plate length lO em) were 
the same as those mn the gmnd chamber The standard 
chamber Wil located on one ele ol the grid chamber 


with the limiting diaphragms of the two chambers m 
The XN-rav tubs 
running at right 
thu ba 
standard-chamber 


prhavine hou me Ww 


track 


the nine 


mounted on a anyl to the 


beam direction, and could positioned im 


almement with either chamber 
rrvaacle ith 


X ray 


reading were conpunetion with each 


chamber run, the tube output bemy constant 


One might ask why the tandard-chamber reading 
Was necessary, smce it would seem possible to get 
the total tonization by merely titpeitige = up the 


the whole volume 
that the vrid 
moved closer to 
the electron 
Closer positioning 
trike the 


vricl chamber measurements ovet 
Thi wis prohibited by the fnet 
chamber plate system could not be 
the X-ray beam than about 
filter im place, or 4 em without i 
would have caused the beam penumbra to 


6 em with 


grids or filter. Thus, itt was not possible with the 
grid chamber to make measurements m the most 
densely ionized central region 


the standard chamber itself, such 
slight msuflicieney m plate 
separation negligible effect on the 


subsequent calculations of ionization losse 


Small errors in 
caused by 
would 


is might be 
have a 


A detailed description of this standard chamber 
will be the subject of a later paper. 


2.4. Measurement of Ionization Current 


A vibrating-reed electrometer was used as a null 
detecting device for the current measurements 
Currents larger than about 107" amp were passed 
through calibrated multimegohm resistors, and the 
resulting IR drops compensated by a potentiometer 
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3. Experimental Results 


Figures 4 to 7 are given as « xamples of the ior 
tion versus distance curves obtained with the 
chamber Included are curves for 100 kv. med 
filtration: 200 kv, heavy filtration: and 250 kv. w 
both medium and heavy filtration. The filter 
were those listed in table 1 The electron ew 
have been determined by a point-by pont subt 
tion of the filter-in curve from the filter-out « 

The extrapolated range of 100-kev electro 
hin at atmospheri pressure is given im the literat 
Sl a I? em Compton recoil electron produces 
100-kv X-ravs will have energies not exceedi 


kev, and thus ranges less than 2 em This iden 
the electrons producing the curve in figure 4 
phot wleetrons Therefore he bend im the i] 
curve clearly shows the transition from elect 


ionization to that resulting from seattered X-7 
| | Bevond 15 em the “filter-in” and “filter-out” « 
are seen to be parallel and at a constant se parat 
even though the lower « irve has been corrected 
attenuation of seattered phot ns Thev should « 
cide bevond the 12-cem range of the electrons { 
the X-ray beam The observed  diser pranrne 
probably caused by the lack of an equivalenc 
the electron filter material, as was ment 
previously It is corrected for by raising the lo 


curve parallel to itself until it coincides with 


upper one at large distances 
by manual Figure 5 presenting tonization curves for 201 
alue within | X-rays with heavy filtration also has a sharp | 


in the “filter out” curve However, in this cas 


scattering cannot account for the abrupt chang 
slope The cause becomes evident if one ag 


! considers the types ol electron present kor 


‘| X-ray wavelengths present in the primary bea 


filtrations | ¢hy. absorption coefficient for au will consis 


with the 


beams 


~~ * oo the ranyve of the most energeti Compton electro 


a estumated in an indirect way The background 
= rent in the grid chamber was of the order of 10 
amp and was sometimes unsteady, making it 
difficult to obtain reliable measurements of io1 
tion currents of that order of magnitude or sma 
0 Hence, it was thought preferable to estimat 
. on curve in the following way: The slope was take 
= each case to be the same as for the correspon 
medium X-ray filtration as these were found to 
about the same for all energies. Then the 
reaaien | Oe adjusted to a position such that twice the 


mi dmm Cu 





about 2 percent photoelectri effect and US per 
Compton effect The range of the maxim 
energ\ photoelectrons will be about 37 em. whe 


SS kev) will be 9 em Thus the change in the sk 


of the curves of figure 5 at 9 cm represents the tran 


tion from Compton electrons to the longer-ra 
photoelectrons 

It should be mentioned in regard to figure 5 
all other cases of heavy X-ray filtration) that 
lower curve, for electron filter in place, had to 


under the curve out to 10 em was in agreement \ 
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‘ ribed 


J0ecm 
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This was assumed to be 
scntter 
and the 


rreceinent for 


similar between 
the 
showed 


\-ra\ 


figure 7 


Comparison Theis 
free 


generally 


vic 
the 


urement in air chamber 


chamber rood a 
medium filtration 


obtaimmed 


thr mnimaution 
at 250 kv, the 


representing eurve 


with heavy filtration bend 


observed in figure 5 has disappeared The photo 
electric effect in air is negligible here, and the toniza 
tion is almost entirely produced by Compton ele 
tron Them energie will not exceed 123 kev, and 
hence their ranges extend to only about 15 em, which 
appears to be consistent with the curves in figure 7 

lt is thus apparent that the plate-separation 
requirements for 200 kv with heavy filtration are 
greater than for 250 kv. because of the disappearance 


of the photo lectre effect in arr at the latter energy 


4. Calculation of Electron Ionization Losses 


Kor 


electron-ronization losse 


filty thre 


s caused by insufficient plat 


each kilovoltage nha nition percentage 


eparation in free-an chamber were calculated by 
means of the formula 
LOOT. OSTV2Q)S “C7 / 
/ 
where 
] the grid-chamber ton on current with the 


electron filter out 


/ the grnd-chamber tonization current with the 
electron filter in piace 

/ the corre sponding ionization current om_ the 
standard free-a chamber 





the variable distance 


phat to \ ray 


em from colles 


beam in the grid cham! 


d | 62. where is the free-air chan 
plate separation for which the tonizat 
loss is being computed 1 is subtrac 
from d to aeeount for the l-em depth 
the grid-chamber collecting volume 
Che factor (2) 1s included because the grid cham|] 
measures the tonization on only one side of the X 
beam The (1.087) is a correction factor that 
counts for the area covered by the nvlon threa 
which stop the electrons that strike them 
The summation sign indicates that the elect 
current is summed up, for lavers each 1 em in thir 
ness, from distance d out to infinity The elect 


mnization curves were simply assumed to eontil 


with unchanging slope nt plate to beam distal 
exceeding those at which data were obtained 

In figure S plotted thre 
losses for the mn figure } 
ta:rns data for all kilovoltages studied 


It should be the 


ure resulting roniZal 


curves to7 Table 


noted that in calculations 


diameter of the X-ray beam is not considered 
the distances are reckoned from the central ay 
the beam Thus the results are most accurate wl 


applied to chambers having X-ray 


the same diameter 1S cm) as was used here 


Thus far, only the losses r sulting from Lhhacted ta 


plate have been discussed, and 


tion has been made of plate hewht 


separa cion no v 


of equal importance 


with both of those dimensions sufficiently larg: 
allow nearly all the electrons projected radially « 
ward from the N-rav beam to run their full ran 
without leaving the ton colle ting volume either 


by he | upping out 


table 


sides OF 
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es caused by plate scpairaction Inadequaes alone 

uming the plate What 
onstitutes adequate plate height is complicated by 
field distortion, as pointed out by Kemp and Hall 
|}. The collecting volume may be defined as the 
electric-field lines that tet 
ninate on the collector plate This region will be 
considerably smaller in effective height than the 
plates themselves, if the field is not properly guarded 


heiwht to be adequate 


ion rccupled by the 


rom the elec ts of the erounded chamber ene losure 
The actual cross-sectional shape of the collecting 
olume of a partl ulat chamber, in a plane ii right 
ingles to the X-ray beam, is obtainable from a 
: tudy of field lines in an electrolytic tank 

It was thought to be desirable to convert the data 
n table 2 into a more general form that could be 
applied to any free-air chamber in which the cross 
sectional shape of the collec ting volume were known 
\ graphical method was found for doing this 

The graph used in this caleulation was similar to 
that shown in figure 9 but drawn to a large scale 
The ionization field was assumed to be made up of 
oncentric evlindrical shells, each 1 em in thickness 
ind containing a uniform ionization density. The 
superimposed rectangles, 24 em in height and 1 em 
in thickness, represent various positions of the grid 
chamber collecting volume. By first taking planim 
eter measurements, the unknown ionization densities 
n the cy lindrical shells were deduced from the known 
electron ionizations in the grid-chamber volume. It 
was then possible to calculate how much of the 
ionization lay outside of any given radius, 1. e., the 
ionization that would be lost by a eylindrical cham 
ber of that radius, positioned coaxially with the 





beam Table 3 gives the results of such calculations 
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To apply these results to any chamber for which the 


cross-sectional shape of the colleeting volume | 


known, it 1s necessary to plot the cross section on 
\ ray beam 


The ionization losses are then 


polar coordinate graph paper with the 
located at the oriwin 
obtained from table 
weighted according to the angular 


} fora number of representative 
radii on the plot 
sector they represent, and summed to rive the total 
ionization loss 

\ calculation of this sort was carried out to de 
termine the adequacy of the 24-cm height of the 
collector plate in the grid chamber, and the effect on 
the data in table 2 In the worst cases (250 kv, 
medium filtration; 200 kv, heavy filtration) the tabu 
lated percentage losses in table 2 were found to be 
too small by about 0.2 percent for figures of 1 percent 
or larger, and by 0.1 percent or less for figures below 
| percent The data in table 3 are not subject to 
this error as the actual collector-plate height of the 
grid chamber was taken into account in the caleula 
tion of that data 

The ionization contributed by scattered X rays ip 
a particular free-air chamber will depend not only 
upon the plate separation and height, but also upon 
the length of the irradiated air column within the 
chamber enclosure; thus, this ionization cannot be 
conveniently tabulated It was therefore considered 
preferable to deseribe a method by which the ioniza 
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attered X-ray can be 


1h abtny 


tion 


with owherent accuracy viven chamber 


A tribe of nearly air-equivalent material such as 


Lueite, oxtending the full leneth of the chamber 
enclosure, is positioned in “ule the chamber, so that 
the X-ray beam jabs through it from end to end 


The tube must have walls thick enough to slop the 


electron but thin with respect to attenuation of 
X-ray The plasti 
ducting with a graphit 
loalf the pot ntial of the high voltag plate 
mize field distortion The X-ray 
collimated to prohibit the penumbra from producing 
the walls of the tube 


mall in diameter 


cattered hould be made con 


coating, and operated ut 
to mint 


beam is narrowly 


which 
The 
ratio of ionization measured with the tube in place 
to that with it removed will give the fraction of the 
total toni that is 
\-rave As most of the electrons have short ranges 
we table 3), the normal distribution of electrons 
venerated by \-ravs in the chamber will 
not be swnificantly disturbed by the presence of the 
tubs \ small error will be 
shadowing” effect of the 
between it 


excess scatter by striking 


hould be as as practicable 


mation contributed by seattered 


sf attered 


produced by the 
because it collects 
and the high 
prohibiting that ionization from arrivy 
This can be 
with sufficient accuracy by simply taking into ac 
count the collec ting volume lost by the effect De 
tails of the application of this method to the NBS 
standard chamber will be included in a later paper; 
however, the ionization from scattered X-ravs in that 
chamber was found to constitute 0.3 to 0.4 percent 
of the total ionization, slowly with 
decreasing energy 

The net ionization loss of a free-air 
found by subtracting the measured contribution due 
to scattered X-rays from the appropriate figures for 


loss of electron ionization as given in tables 2 and 3 


tube 
the ionization produced 
voltage plate 


ing at the collector plate corrected 


Increasing 


chamber is 


5. Comparison of Grid-Chamber Results 
With Other Measurements 
Two chambers were constructed whose predict 
ionization losses (from grid-chamber results) we 
large because of inadequate dimensions. Care w 
taken to avoid field distortion in these cham): 


The actual deficiency was 

mentally for 200-ky\ 

by comparison with the 
| 

In the latter 

photon contributions compensate one another wit! 


then determined eXpel 
X-ravs with medium filtratior 
20-cm 


standard chambe 


chamber clectron losses and seattere: 
about 0.05 percent at that energy 

Table 4 gives the 
height and 
vives similar data for a chamber 10 em in height an 
the same Avreement wit! 
grid-chamber predictions is good in both cases 

In the light of these results and other considera 


yor 
Table 


results for a chamber o 


separations from 6 to 9% em 


range of separations 


tions, the limits of error of the electron-loss data u 
tables 2 and 3 are estimated to be 0.3 pereent 
except for the grid-chamber plate-height inadequa 
which affects only table 2. The loss figures ar 
Tante 4 f‘omparison of predicted and mea 
aD trallel ia ; mi 
| I ‘ ‘ 
lonization ¢ 
are “ Measured deficieney 
t rot rrid 
plate sepa lef , shawnee 
ri 
lita 
; 9 0 
, 
* These figures have been raised t 0.1 percent to aceount r the « 
Tere ¢ in seattered photon ionization in the 20-em standard chamber 
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probably within closer lumits of error at larger plate 


eparations where tlie lossc themselve nee 


decreased 


5.1. Comparison With Results of Kemp and Hall 


The results of the measurements of Kemp and 
Hall [5 are expre ed as tonization loss in chamber 
aving square cro ections of various size These 
onization lo fi ine are compared with eorre pond 
ag figure from the present work in table 6, for 


O-KY X ray 


li | ih wient that tare differences eXist between 
the two sets of data, the ionization losses of Kemp 
und Hall being smaller than reported here Sinilatr 
discrepancies were found to exist at the other kilo 
voltages as well Che most important factors con 
tributing to these differences ar 

| Difference in quality of the X ray used Tl 
copper half-value-layer obtained by Kemp and Hall 
at 100 kvp was 0.078 mm,’ as compared with a valiuc 
of 0.176 mm obtamed im the present experiment 
Ke mp and Hall used a Villard cireuit and 2-mm Al 
inherent filtration compared with a corstant poten 
tial generator and 3-mm Al mbherent filtration 

2. Difference in X-rav beam diameter Kemp and 
Hall employed a beam about 1 em in diameter, a 
compared with the present 1.8 em, 


5.2. Comparisons With Work of Others 


To facilitate COTM parisons with other experiment 
at kilovoltages diflering from those used for the 
present experiment th graph of plate separation 


versus kilovoltage is given m figure 10 for medium 








\ ray filtration \lso plot mi on thi vraph mre the 


porunnel at whieh mplete ollection of ionization 


wa observed by other imvestivator Constant 
potential kilovoltages were used in everv case, Ful 
trations were not given except by Duane and Loren 

who used 2-mm Al at 05 kv. but did not state the 
filtrations for other kilovoltage and by Falla, who 
used O.l-mm Cu and 2.15-mm Al at LLO ky Onn 


may assume a medium or leht filtration was em 


ploved in all the other Histeries 

The results of Taylor, Singer, and Charlton [0] are 
essentially in agreement with the present grid 
chamber data, smee itis untikely that thev could have 
detected bw their method the verv small merement 
of ionization existing at greater separation Pheu 
ionmation chamber was relatively free from eleetri 
field distortion at separations up to TS em, becuse 


of the long guard plate em), the large collecting 
plate hewrlit > em), and a svstem of wuard war 

all enclosed moa tank of ample dimension OO-cmM 
diam by 2is-em length The other data of Taylor 


10] were given a part ota reneral survey paper anil 
were not all obtamed with an mdividual chamber 
The prorurat at 40 kv wa taken from referenes i‘) 
The other data were taken in two other chamber 

each of which is now known, m the lieht of recent 
developments, to have been subject to considerabl 
field distortion, accounting for the low values ob 
tamed for the separation 


Th lite explanation alse apply to the result 
of Kave and Binks [11], Duane and Lorenz [12], and 
Kailla [13] 


ailla work was particularly mterestin nity 


much as he made a careful study of the field distor 
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tron eXisting within his chamber Hi collectimg plate 
was divided into 11 adjacent vertical strips, each 3.8 
cm wide o that he could measure the ionization m 
various volumes along the X-ray beam lle found 
that the tonization current collected by several of 
the centrally located trips were the same, and that 
the closer the plate eparation the larger the number 


of adjacent strips collecting the same current rhis 
wi Interpreted as an indication of the region over 
vhich no field distortion wa present One could 
equally well interpret the same facts as showing the 


region over which the distortion produced the same 
error in each strip The latter would seem to bye the 
case, since, in another measurement, Failla varied 
the plate so paracvion from 6 to 20 em and measured a 
constant current output from the central strip out to 
lo-cm separation The present work shows that the 
urrent should have mereased by about 3 percent 
over this range of separation or 110-kv X-rays 
with medium filtration Hlence, the effective col 
Lev ting volume of the central strip robably decreased 
by about 3 percent because of worsenimy field distor 
tion. This has been substantiated by preliminary 
measurements of field distortion by Miller and 
Kennedy at the Bureau 

The tield-distortion problem is thus seen to be 
much more serious than has been heretofore sup 
posed, and new criteria must be established for 
designing distortion-free chamber This problem i 
now under investigation 
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